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TWO-DIMENSIONAL HYDRODYNAMICS ANALYSIS 
FOR PRIMARY CONTAINMENT 

by 

Yao-Wen Chang, Joseph Gvildys, 
and Stanley H. Fistedis 

ABSTRACT 

This report describes a nunnerical method for cal­
culating the two-dimensional hydrodynamic response of a 
p r imary reactor containment system to a high-energy ex­
cursion. Equations of hydrodynamics and equations of state 
of reactor mater ia ls are expressed in Lagrangian form and 
then set into finite-difference equations. Shock discontinu­
ities a re eliminated by the use of the von Neumann-Richtmyer 
pseudoviscosity, q. These equations, along with p ressure 
pulse and other pertinent input data, a re programmed for 
solution on the IBM-360 connputer. Propagation of shock 
waves, loads imposed on different parts of the reactor com­
ponents, and the resulting damage are determined at every 
time step until the steel vessel ruptures or the force acting 
on the rotating shield plug exceeds the strength of the plug 
holddown device. Calculated displacements and p re s su res 
at all spatial points at any instant of time also are given in 
pictorial form. * 

I. INTRODUCTION 

Large , l iquid-metal-cooled, fast reactors probably cannot be de­
signed to completely rule out the possibility of a core meltdown. Therefore, 
the reactor designer must rigorously analyze the capability of the pr imary 
containment system to sustain the consequences of such an accident. He 
should then make appropriate adjustments, using to best advantage the 
strength of the system s t ructures and components. The objective in this 
report is to effect a sequence of component failures that will dissipate the 
energy of the ensuing excursion without breaching overall system integrity 
and releasing fission products and other harmful radioactive mater ia ls to 
the surrounding environs. 

To accomplish this objective, the designer must know in detail the 
propagation of shock waves emanating from the reactor core , the loads im­
posed on adjacent s t ructures and components, and the damage produced by 



t h e s e l o a d s . Mos t i m p o r t a n t , he m u s t know the s e q u e n c e of f a i l u r e s of the 
v a r i o u s c o m p o n e n t s , s i n c e e a r l y f a i l u r e of one c o m p o n e n t m a y c o m p l e t e l y 
change the load ings on o t h e r p a r t s of the s y s t e m . 

F o r e x a m p l e , if the r e a c t o r v e s s e l fa i l s u n d e r the shock l oad ing , 
the p r e s s u r e in the c o r e oxide v a p o r wi l l be r e d u c e d s u b s t a n t i a l l y by 
ven t ing of the coo lan t . T h i s , in t u r n , wi l l r e d u c e the d u r a t i o n of p r e s s u r e 
load ing on the r o t a t i n g s h i e l d plug in the v e s s e l c o v e r , and the d e g r e e to 
w h i c h the plug is d i s l odged . On the o t h e r hand , if the v e s s e l i s s t r o n g 
enough to s u r v i v e the shock load ing , the k ine t ic e n e r g y of the coo l an t wi l l 
be r e d i r e c t e d u p w a r d s , l ift ing the coo lan t and c o m p r e s s i n g the i n e r t - g a s 
b l a n k e t . In t h i s c a s e , the p r e s s u r e loading on the r o t a t i n g plug wi l l be 
h i g h e r and of l onge r d u r a t i o n , wi th a g r e a t e r d e g r e e of d i s l o d g e m e n t . 

T h i s r e p o r t d e s c r i b e s a n u m e r i c a l m e t h o d for c a l c u l a t i n g the two-
d i m e n s i o n a l h y d r o d y n a m i c r e s p o n s e of p r i m a r y r e a c t o r c o n t a i n m e n t to 
s h o c k w a v e s e m a n a t i n g f r o m the c o r e a f t e r the n e u t r o n i c s have c e a s e d . 
The o n e - d i m e n s i o n a l c a s e h a s b e e n i n v e s t i g a t e d by S o r e n s e n and F i s t e d i s . 
B r i e f l y , the a n a l y s i s u s e s c o n s e r v a t i o n equa t i ons ( m a s s , m o m e n t u m , and 
e n e r g y ) and equa t i ons of s t a t e of r e a c t o r m a t e r i a l s e x p r e s s e d in f in i t e -
d i f f e r ence f o r m . T h e s e e q u a t i o n s , a long wi th the p r e s s u r e p u l s e and o t h e r 
p e r t i n e n t input d a t a , a r e p r o g r a m m e d for so lu t ion on the IBM-360 c o m ­
p u t e r , u s ing the R E X C O - H code deve loped at A r g o n n e . * 

F o r e a c h p r o b l e m , the code c o m p u t e s the d i s p l a c e m e n t s , v e l o c i t i e s , 
p r e s s u r e s , spec i f i c i n t e r n a l e n e r g i e s , d e n s i t i e s , and s t r a i n s a t e v e r y 
s p a t i a l po in t for a spec i f i c t i m e i n t e r v a l . (The output of d i s p l a c e m e n t s and 
p r e s s u r e s a l s o can be g iven p i c t o r i a l l y , showing the m o v e m e n t s and de fo r ­
m a t i o n s or m a g n i t u d e s of p r e s s u r e s a t a l l s p a t i a l po in t s a t any i n s t an t of 
t i m e . ) T h e s e c o m p u t a t i o n s a r e r e p e a t e d for e v e r y t i m e i n t e r v a l un t i l the 
r e a c t o r v e s s e l r u p t u r e s o r the f o r c e ac t ing on the ro t a t i ng s h i e l d plug ex­
c e e d s the s t r e n g t h of the plug holddown m e c h a n i s m , w h e r e u p o n the c o m p u ­
t a t ion c e a s e s . Thus th i s c o n t a i n m e n t a n a l y s i s and code give in de ta i l the 
p r o p a g a t i o n of shock w a v e s , the loads i m p o s e d on d i f fe ren t p a r t s of the 
r e a c t o r , and the c o n s e q u e n t d a m a g e t h roughou t the s e q u e n c e of the p r o b l e m . 

A power-excursion computer code, also developed at Argonne, provides initial values for the REXCO-H 
code. Both codes will be linked in sequence, constituting two modules of the Postburst Phenomena of 
the Fast Reactor Safety Program. 



II. ANALYTICAL DEVELOPMENT 

A. Hydrodynamic Equations of Shock Waves 

1. Basic Equations 

The part ial differential equations that govern the flow of a 
nonviscous, non-heat-conducting, compressible fluid a re : 

Dp 
•^ + p div u = 0 (mass), 

P'prr - "gi'^d p (momentum). 

and 

"DT P ^ T " (energy). 

^vhere 

and 

D d -
TT- = ^ - + u • V, Dt dt 

u = velocity vector, 

p = density, 

p = p r e s su re , 

E = specific internal energy (energy per unit mass) , 

V = specific volume. 

We assume that there are no external energy sources in the fluid. If the 
flow is axially symmet r ic , it is often advantageous to express these equa­
tions in the cylindrical coordinate system. Thus when the cylindrical 
coordinates a re denoted by r and z, the equations take the form 

^ , ^ .^ ^ - f S u d w u \ 

S u ^ S u S u _ l ^ 



10 

St + u 
Sw 
ar + w 

and 

dt + u -
SE 

+ w 
_SE_ 
dz 

_i_Sp 
P dz' 

fdV . dV 
,dt 

dV^ 
• d z / ' 

(3) 

(4) 

where u and w are the radial and axial velocit ies, respectively. Equa­
tions 1-4 are the Eulerian formulation of the fluid dynamics in which the 
independent space variables are re fer red to a coordinate system fixed in 
space. The alternative is to express the equations in mate r ia l coordinates, 
and these equations are known as the Lagrangian equations of the fluid 
dynamics . 

The advantage of using the Eulerian formulation is that the 
fluid can be distorted without limit. However, difficulty is encountered if 
there are nonrigid boundaries or interfaces between fluids of differing 
thermodynamic proper t ies , because there is no simple way of telling what 
kind of fluid is to be found at a given instant and at a given point. This dif­
ficulty can be avoided in the Lagrangian approach by placing the coordinate 
lines along the nonrigid boundaries and interfaces, because the mater ia l 
coordinate is imbedded in the fluid and is undergoing all the motion and 
distortion of the fluid. Also, the limitation imposed on the distortion of 
Lagrangian mesh can be eliminated by using the rezoning process . Conse­
quently, the present analysis uses the Lagrangian formulation of the fluid 
dynamics. 

If the Lagrangian coordinates are denoted by R and Z, then for 
any function F , the Eulerian derivatives become 

dr J ^dR dz " dz dR / R 

and 

dz J \dR dz ' dz dR/ R ' 

where J is the Jacobian of the transformation 

dr 
dR 

0 

dz 
S R 

dz 

1 » 

"It 
(dr dz dr dz \r_ 

dR dz ' dz dR / R • (5) 



Then on applying the transformation, the equation of mass conservation is 
simply 

£l - ] - — lf,\ 

where Pp is the initial density at time t = 0, and dv- and dV are the vol­
ume elements in the deformed and undeformed s ta tes , respectively. The 
momentum equations become 

and 

1 [dp dz d£ dz \ £_ 
" Po \'§R ^ ' Sz 5 R / R 

1 I d£^ dr dp dr \ r 
' Po \ § R ^ " dz dR/ R' 

Although pj , dR, and dZ are independent of t ime, the momen­
tum equations have become considerably more complicated by the t r ans ­
formation. In the numerical analysis , it was easier to work with the 
quantities p, dr, and dz directly. Therefore the equations used are of the 
form 

and 

_l_d£ 
p or 

1 dt 

(7) 

z = - i 4 2 , ' (8) 
p dz 

where r and z a re dependent var iables ; they are functions of (R ,Z , t ) . 
Each fluid part icle is now labeled with a set of Lagrangian coordinates 
[R(I), Z(j)]. Since the Lagrangian coordinates a re imbedded in the fluid 
part icle and move with the fluid, the total derivative is simply the t ime 
derivative, and the energy equation reduces to 

dE = -pdV. (9) 

Equations 6-9 a re the hydrodynamic equations in the Lagrangian 
formulation. There a re five unknowns: density of the fluid, p; radial and 
axial accelerat ions of the fluid, r and z; p re s su re in the fluid, p; and in­
ternal energy, E. To obtain a unique solution, a fifth equation relating the 
various unknowns is needed. If the thermodynamic proper t ies of the fluid 
a re known, a relationship between p, E, and p can be established. Such a 
relationship is known as the equation of state of the fluids. In the present 
analys is , this equation is assumed to have the form 

p = f(V,E) (10) 



Equations 6- 10 apply only to the smooth part of the flow, i .e . , 
without shocks, or the flow between shocks. For flows at the shocks, the 
dependent variables p, u, w, E, and p are no longer continuous: The dif­
ferential equations at the shock only have one-sided derivat ives. The re ­
fore, they must be supplemented by jump conditions that serve as internal 
boundary conditions. These special boundary conditions a re provided by 
the well-known Rankine-Hugoniot equations. However the application of 
these equations is complicated because the surfaces on which the conditions 
are to be applied are in motion through the fluid and because the motion of 
the surfaces is determined by the equations themselves . 

2. Elimination of Shock Discontinuities 

To avoid the above-mentioned complication, von Neumann and 
Richtmyer^ devised an approximate method for solving one-dimensional 
fluid-dynamics problems that eliminates discontinuities in the differential 
equations and dampens out spurious p re s su re oscillations in the numerical 
computations. Their method uses the well-known effect of dissipative 
mechanisms , such as viscosity and heat of conduction, on shocks. For ex­
ample, when viscosity is taken into account, the shocks a re smeared out 
and the mathematical surfaces of the discontinuities a re replaced by thin 
transi t ion layers in which quantities such as p r e s s u r e , t empera ture , and 
density vary rapidly but continuously. 

Accordingly, von Neumann and Richtmyer introduced a pseudo­
viscosity t e rm , q, into the differential equations, thereby eliminating the 
shock discontinuities without jeopardizing the conservation laws on which 
the Hugoniot conditions a re based. Also, the jump conditions across the 
transit ion layer still hold in the approximation in which the layer is r e ­
garded as thin, relative to other dimensions. 

method are 
The differential equations employed in the pseudoviscosity 

and 

p -̂  dV ' 

1 rd(p+q)l 

-pL-^7-j' 
1 rd(p+q)1 

'P[ dz J' 

dE = - (p +q) dV, 

p = f ( V , E ) . 

(11) 



3. Form of Pseudoviscosity Term q 

a. One-dimensional Flow. For one-dimensional fluid motion, 
the form of q proposed by von Neumann and Richtmyer is 

q = 
(Po^) /dV 

V \ d t / dt 

if 1 ^ - 0, 
dt 

(12) 

where i is a constant having the dimensions of length, PQ is the normal 
density of the fluid, and V is the specific volume of the fluid. Equation 12 
can be written equivalently as 

i ^ d u V ., du ^ _ 

= 0 if 
du 
dR 

(13) 

where R is the Lagrangian coordinate, and u (= dr /d t ) and r a r e , respec­
tively, the velocity and Eulerian coordinates at time t of a fluid element 
that was initially at position R. For some calculations, it is more con­
venient to use Eq. 13. 

Von Neumann and Richtmyer showed that upon inclusion of 
q into the p re s su re p in the momentum and energy equations: 

(1) The derivatives are no longer discontinuous. 

(2) The shocks are immediately evident as near-
discontinuities that move through the fluid with very nearly the cor rec t 
speed. 

(3) The quantities p r e s su re , t empera ture , etc. , have very 
nearly the cor rec t jumps ac ross the discontinuities, provided the thickness 
of the shock layers is small in comparison with other physically relevant 
dimensions of the system. 

(4) The thickness of the shock transit ion layer is independ­
ent of the shock strength and of the condition of the mater ia l upon which it 
impinges. 

(5) The effect of q is negligibly small in the smooth par t 
of the flow between shocks. 



b . T w o - d i m e n s i o n a l F l o w . A n u m b e r of d i f f e ren t e x p r e s s i o n s 
for p s e u d o v i s c o s i t y in t w o - d i m e n s i o n a l flow have a p p e a r e d in the l i t e r a ­
t u r e , ' " ^ bu t none offer any a d v a n t a g e o v e r the von N e u m a n n - R i c h t m y e r ' s 
q on the p r e s s u r e o s c i l l a t i o n s * tha t o c c u r b e h i n d the s h o c k w a v e . T h i s i s 
b e c a u s e q is not a p h y s i c a l l y r e a l q u a n t i t y , bu t , a s m e n t i o n e d a b o v e , m e r e l y 
a dev i ce to e l i m i n a t e s h o c k d i s c o n t i n u i t i e s in the e q u a t i o n s and to d a m p e n 
s p u r i o u s p r e s s u r e o s c i l l a t i o n s in the n u m e r i c a l c a l c u l a t i o n s . F u r t h e r m o r e , 
s i n c e it is added into the p r e s s u r e in the c a l c u l a t i o n s , we can r e a s o n a b l y 
e x p e c t q to be a s c a l a r funct ion, l ike t r u e p r e s s u r e and e n e r g y . 

F o r t h e s e r e a s o n s , E q . 12 is mod i f i ed and u s e d d i r e c t l y in 
t w o - d i m e n s i o n a l f lows . (Fo r t w o - d i m e n s i o n a l f lows , E q . 13 is no l onge r 
equ iva l en t to Eq . 12.) The m o d i f i c a t i o n c o n s i s t s of r e p l a c i n g !} by a^AoR/r , 
w h e r e a is the s h o c k - w i d t h c o n s t a n t and Ag is the a r e a of the o r i g i n a l 
L a g r a n g i a n m e s h , i . e . , when the fluid is at the n o r m a l d e n s i t y po. The ob­
j e c t i v e is to e n s u r e tha t a l l s h o c k wid ths c o v e r the s a m e n u m b e r of m e s h 
po in t s (~3 to 5 t i m e s the m e s h s i z e ) . 

b e c o m e s 

?2 q = -

When the equa t ion of m a s s c o n s e r v a t i o n is a p p l i e d , E q . 12 

u | i = 0. 
dt 

(14) 

w h e r e A is the a r e a of the L a g r a n g i a n m e s h a t t i m e t when the fluid den­
s i ty c h a n g e s to p. The va lue of a tha t y i e l d s the d e s i r e d s h o c k width 
r a n g e s f r o m 1.2 to 1.4. In th i s r e p o r t , a is a s s u m e d to be 1.2. 

B . E q u a t i o n of S t a t e of the Med ia 

As s t a t e d in Sec t i on A . l , so lu t i on of the four h y d r o d y n a m i c equat ions 
r equ i r e s an equa t ion of s t a t e of the f o r m g iven by E q . 10. F o r g a s e o u s 
m a t e r i a l s , the p r e s s u r e is of t h e r m a l o r i g i n ; it is r e l a t e d to the t r a n s f e r 
of m o m e n t u m by p a r t i c l e s p a r t i c i p a t i n g in the t h e r m a l m o t i o n . T h e r e f o r e , 
no a p p r e c i a b l e d i f f i cu l t i es a r e e n c o u n t e r e d in ca l cu l a t i ng the t h e r m o d y n a m i c 
p r o p e r t i e s of g a s e s . 

In c o n t r a s t , a t h e o r e t i c a l d e s c r i p t i o n of s i m i l a r p r o p e r t i e s of so l id s 
a n d l i qu ids a t h igh p r e s s u r e s g e n e r a t e d by s t r o n g shocks p r e s e n t s a c o m ­
p l e x p r o b l e m . H e r e the a t o m s o r m o l e c u l e s a r e in p r o x i m i t y and i n t e r a c t 
s t r o n g l y wi th e a c h o t h e r . Thus s t r o n g c p m p r e s s i o n of a c o n d e n s e d m e d i u m 

*These pressure oscillations are not instabilities. They are analogous to the thermal agitation of the molecules, 
and they represent the internal energy that must appear in the shocked fluid according to the Hugoniot 



generates not only a thermal p r e s s u r e , but also a significant internal p r e s ­
sure . The internal p re s su re is due to repulsive forces between the atoms; 
it differs from the thermal p re s su re associated with thermal motion of the 
a toms. Therefore, experimental methods play a major role in the study of 
condensed media in a compressed s tate . Accordingly, the following para­
graphs describe briefly how the equation of state of the form p = f(V, E) 
can be obtained from shock experiments . 

A shock wave (one-dimensional) with velocity Ug proceeding through 
a condensed mater ia l changes the p r e s s u r e , specific volume, and specific 
internal energy, respectively, from po, Vp, and Eo to p, , V,, and E, and 
gives the mater ia l par t ic les a velocity Up in the direction of the shock. At 
the p r e s su re s of interest , the shear strength of the mater ia l is negligible 
and the mater ia l can be t reated as a compressible fluid. 

For example, consider a shock front having a time-independent p re s ­
sure profile. Application of conservation of m a s s , momentum and energy 
laws ac ross the shock front yields the Rankine-Hugoniot equations 

PoUg = Pi(us - Up), (15) 

PoUs"p = Pi - Po. (16) 

and 

Eo = i(pi+Po)(Vo -V , ) . (17) 

Since the specific internal energy of a mater ia l is a function of its p ressu re 
and volume, Eq. 17 may be regarded as the locus of all pi, Vj states attain­
able by propagating a shock wave into a fixed initial state po.Vo This locus 
is defined as the Hugoniot curve (or ppj values) centered at po.Vo There 
a re "infinity squared" of curves for all possible values of po, Vo. 

Equations 15 and 16 contain only four variables: pi, Pi (= l /Vi) , Ug, 
and Up. Therefore, if the values of Ug and Up are measured experi­
mentally, both equations may be used to find the p ressu re and the specific 
volume. These, in turn, can be substituted in Eq. 17 to calculate the in­
ternal energy. With advanced laboratory techniques, Ug and Up values 
can be accurately measured for a wide range of p re s su res ; from relatively 
weak shock p r e s s u r e s , up to 4 x 10° atm. Therefore, by varying the strength 
of the shock waves, we obtain a locus of all Pi.Vj s ta tes . Thus the Hugoniot 
curve centered at po.Vp can be obtained experimentally. 

It is intended that pfj values used in the present analysis be based 
as much as possible on the experimental Hugoniot. If the experimental 
Hugoniot exhibits multiple steps s imilar to those attributed to an elastic 
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p recursor or to phase changes, these steps will be included in the numeri ­
cal representation of pj-j curves or tables. For example, the experimental 
Hugoniot of iron is shown in Fig. 1; it is based on data from Ref. 6. Here , 
the Hugoniot curve is centered at po.Vo. Thus the p^ values are valid 
only for mater ia ls having the same initial condition as the experimental 
Hugoniot. During subsequent shock compressions, the mater ia l under con­
sideration can no longer possess the same po.Vo state. Therefore, it is 
necessary to find a general equation of state that will cover points along 
all possible Hugoniot curves with different initial conditions. 

— 
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The m o s t s i m p l e f o r m u l a t i o n tha t can 
be u s e d for th i s p u r p o s e is the M i e - G r i i n e i s e n 
equa t ion of s t a t e , wh ich m a y be w r i t t e n 

PH + 7 ( E - E j ^ (18) 

w h e r e pn and Epj a r e the p r e s s u r e and s p e c i ­
fic i n t e r n a l e n e r g y a long the Hugoniot c e n t e r e d 
at PO.VQ; and 7 , the G r u n e i s e n coef f ic ien t , is 
the r a t i o of the t h e r m a l c o m p o n e n t of p r e s s u r e 
to the l a t t i c e v i b r a t i o n a l e n e r g y d e n s i t y ; it i s 
a funct ion only of v o l u m e . The va lue of Efj is 
ob ta ined f rom E q . 17. In E q . 18, the n e i g h ­
b o r i n g s t a t e s a r e d e t e r m i n e d f rom the Hugoniot 
c e n t e r e d at po>Vo by adding an add i t i ona l t e r m 
( 7 / v ) ( E - Epj) ,* wh ich a c t s l ike a t h e r m a l p r e s ­
s u r e r i s e . It is b e l i e v e d tha t Eq . 18 a l s o can 
be u s e d to compu te p r e s s u r e s dur ing the ad i a ­
ba t i c e x p a n s i o n . 

Fig. 1. Experimental Hugoniot of 
Iron in the Region of the 
Phase Transformation 

C. S tab i l i ty of the Di f fe ren t i a l E q u a t i o n s 

A n o t h e r quan t i ty of p a r t i c u l a r i n t e r e s t 
to the n u m e r i c a l so lu t ion of h y p e r b o l i c d i f fer ­

en t ia l equa t ions i s the c r i t e r i o n for s t ab i l i t y of a f i n i t e -d i f f e r ence m e s h . 
A s t ab i l i t y c r i t e r i o n d e r i v e d by W h i t e ' for the von N e u m a n n - R i c h t m y e r ' s 
p s e u d o v i s c o s i t y m e t h o d is of the f o r m 

W 
^(At)^ 

+ 4a^ I — 
V < 1, 

w h e r e W is White s t a b i l i t y n u m b e r , c i s the s p e e d of sound, and AV i s the 
change of spec i f ic v o l u m e . To e n s u r e add i t iona l c o m p u t a t i o n a l s t a b i l i t y , 
the va lue of W is l i m i t e d to l e s s than 0.45 and g r e a t e r than 0 .2245 . 

During an initial compression (E = C.,), the Mic-Grilncisen equation of state reduces to tlie Hugoniot. 



The White s t a b i l i t y n u m b e r for e a c h zone is c a l c u l a t e d by 

(WV c' f^tV ^ ^ l A v l 

w h e r e a i s a s s u m e d to be 1.2, and the t i m e i n t e r v a l At i s c h o s e n so tha t 
the m a x i m u m of the s t a b i l i t y n u m b e r s for a l l z o n e s s a t i s f i e s 

0.035 < y^Lj < 0.14. (20) 
m a x 

The s p e e d of sound is c a l c u l a t e d f r o m 

F o r g a s e o u s m a t e r i a l s , the a d i a b a t i c equa t ion of s t a t e h a s the f o r m 

p V ^ = c o n s t a n t , (22) 

w h e r e T) i s the i s e n t r o p i c exponen t . T h e r e f o r e 

c = ( r i p V ) i (23) 

F o r c o n d e n s e d m a t e r i a l s ( so l ids and l i q u i d s ) , the a d i a b a t i c equa t ion 
of s t a t e is a s s u m e d to have the f o r m 

P = P B [(*)"-•] (24) 

On app ly ing Eq . 2 1 , we ob ta in 

c = [ T l V ( p + p B ) ] i (25) 

H e r e , the c o n s t a n t s p p and T] a r e r e l a t e d by 

c^ = VoPB'l. (26) 

w h e r e CQ i s the s p e e d of sound a t s t a n d a r d c o n d i t i o n s . 

S u b s t i t u t i o n of E q s . 23 and 25 into Eq . 19 y i e l d s a s t a b i l i t y c r i t e r i o n 
of the f o r m 

(î ;)' = 2^^^'(o)"-ifi <") 



for both gaseous and condensed mate r ia l s . (Note: For gaseous mate­
r ia l s , Pg is taken to be zero.) 

D. Finite-difference Equations 

Consider a physical system of cylindrical symmetry, which is 
represented in a cylindrical (r, z) coordinate system by quadri la teral 
Lagrangian meshes as shown in Fig. 2. Because of symmetry, all quan­
tities are dependent only on r and z. Since the Lagrangian coordinate sys­
tem has been adopted, the mesh is imbedded in and moves with the fluid. 

j + i Li i i i ! .J* i i 4)11 j»ii 1 

i_ B/'tl-I.J) ont.Ji 8 D^Ju*i.J) 

/ '- X GJ 
F/ I I - I .J - I ) -J- — ''•' / c/(I.J.|) 1 

I-l I I t 

ltl.J-l)_ 

Fig. 2 

A Typical Mesh Point, (I.J), with the 
Adjacent Zones and Points, Illustrating 
the Notation Used in Finite-difference 
Equations 

» r 113-1939 

With r e f e r e n c e to F i g . 2, the m e s h po in t s (the i n t e r s e c t i o n s of 
L a g r a n g i a n g r i d l i ne s ) a r e ident i f ied by a p a i r of i n t e g e r s (I, J ) , which a r e 
[ R ( l ) , Z ( j ) ] . The m e s h zones a r e ident i f ied by the i n t e g e r s on the lower 
left m e s h point (in the u n d e f o r m e d L a g r a n g i a n m e s h e s ) ; for e x a m p l e , the 
m e s h zone ODHA is ident i f ied a s zone (I, J ) . P o s i t i o n s , v e l o c i t i e s , and 
a c c e l e r a t i o n s a r e a s s u m e d to be a s s o c i a t e d wi th the m e s h p o i n t s ; t h e y a r e 
ident i f ied by the m e s h - p o i n t i n t e g e r s a s s u b s c r i p t s . Specif ic v o l u m e s , 
d e n s i t i e s , p r e s s u r e s , p s e u d o v i s c o s i t i e s , s t r a i n s , i n t e r n a l e n e r g i e s , and 
White s t ab i l i t y n u m b e r s a r e a s s u m e d to be a s s o c i a t e d wi th z o n e s ; t h e y a r e 
ident i f ied by the zone n u m b e r s as s u b s c r i p t s . T i m e is deno ted by t . The 

t i m e s t, t + At, and t + — at which q u a n t i t i e s a r e a s s u m e d to be known or 

c a l c u l a t e d a r e ident i f ied by s u p e r s c r i p t s n, n + 1, and n + j . The l a t t e r 
is a l s o u s e d to identify the change in a quan t i ty b e t w e e n t " and t " 
W h e r e a p p e a r i n g , the s u p e r s c r i p t 0 d e n o t e s the in i t i a l va lue of a quan t i ty 
at the s t a r t of the p r o b l e m . 

All d i f fe rence equa t ions u s e d in th is a n a l y s i s a r e d e s i g n e d to be 
c o r r e c t to f i r s t a p p r o x i m a t i o n s only . F o r e x a m p l e , the l i n e s connec t ing 
the m e s h po in t s in F i g . 2 a r e t aken a s s t r a i g h t l i n e s . Use of the t r u e 
c u r v e s given by the J a c o b i a n of the t r a n s f o r m a t i o n , a s s u m i n g they w e r e 
known, would r e s u l t in s e c o n d - o r d e r c h a n g e s in the v o l u m e c a l c u l a t e d . 



Since the Lagrangian meshes are used, the mass equation is auto­
matically satisfied. However, this equation is needed for the computation 
of the new density p, which occurs in the momentum equations. This com­
putation is performed as follows: 

The area of the deformed mesh ODHA is the sum of two triangles 
ADD and AHD: 

Al,J = A, + Aj, 

where 

Al = j | 0 D X 0 A | 

= i[( ' 'I + l,J - '"l,j)(zi,J + l - ^I,j) 

- (''LJ + l - '•l,j)(zi + l , j - ZI j ) ] , (28) 

and 

Ai = i |HA X H D | 

= H i ^ l . j + l - ri + l,J + l)(zi + l,J - zi + l.J + l) 

- ('"I + 1,J - ri + l , J -n)(z i , j + l - zi + i j + i)] . (29) 

Substitution of Eqs . 28 and 29 for Aj and Aj gives 

Al,J = 2 [(zi + l,J + l - z i , j ) ( r i + l , j - r i , j + l) 

" ("^I+LJ + l - '•l,j)(^l+l,J - ^I,J + l)J- ^^°> 

The volume V of a quadri la teral is calculated from 

Vl.J = Ai_j27Tfj_j, (31) 

where r j j is the radius of the centroid of the area A j j . A reasonable 
approximation for moderate distortions is 

^I,J = 4('"I,J +''I,J + 1 +''I + 1,J +'"l + l,J + l)- (32) 

In Lagrangian coordinates, the mass of each volume is constant with t ime; 
therefore the density of a quadri la teral at time n is obtained by 
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P L J = ^ ' (33) 
I.J 

Next, the momentum equations a re set into finite-difference form by the 
Midpoint Method.* Subsequent application of Taylor 's expansion between 
points 0 and 5, 0 and 6, 0 and 7, and 0 and 8, yields four equations of the 
form 

P5 = Po + (z5 - Zo) ^ + {rr, - ro) ^ 

1/ -,1 d^P , ,, , d ^ P 
+ 2(25-20) ^ p - + (Z5- zo ) ( r ; - ro) ^ ^ ^ ^ 

X W 2̂ d ' P , 
+ li^s- ro) - g ^ + . . . . 

where P = p + q, and terms of third and higher order in (zj - Zo) and 
(rs - ro) have been omitted. The system is overdetermined for S p / d z and 
d P / d r . One method of removing the overdeterminacy is to solve first for 
(P5 - P7) and (Pt - Pa), which yields 

P5 - P , = ( Z 5 - Z , ) ^ + ( r j - r , ) - ^ 

... ^^P ( ^ .̂  .. ^^P ^ ^ A 
"S? (̂ ^ " ^'^ z " +"5P" ('̂ s - r ,) î rs? 

d^P 

and 

Pa - (^6- 2 e ) - 5 7 ('• '" ""«* "dT 

d^P d^P 
+ " 3 ^ (24- za) 6z6e + - ^ (^6- i-e) 6r68 

d^P 

w h e r e 

<5z57 - 2(25 + 2?) - 2o, e t c . , 



a r e m e a s u r e s of the a s y m m e t r y of the m e s h . Second - and h i g h e r - o r d e r 
t e r m s in the m e s h s i z e - - i . e . , ( z j - z , ) , (r^ - r-,), e t c . - - a r e o m i t t e d . 

The above e q u a t i o n s m a y now be so lved for the g r a d i e n t s 

dl 
dz ^ = ^ [(P5 - P v X r t - rs) - (P(, - Pe)(r5 - r , ) ] + R 

and 

2A, 

d p -1 

(34) 

w h e r e 

A3 = i[(z5 - Z7)(r(,- rg) - ( z j - Z8)(r5 - r , ) ] 

r e p r e s e n t s the a r e a of the q u a d r i l a t e r a l 5678. The r e m a i n i n g t e r m s , R^ 
and Rj-, involve p r o d u c t s of the m e s h s i z e and the 6 ' s . If the m e s h is 
n e a r l y s y m m e t r i c , t h e s e t e r m s a r e neg l i g ib l e c o m p a r e d to t h o s e tha t have 
been r e t a i n e d . 

On s u b s t i t u t i n g Eq . 34 in to the m o m e n t u m e q u a t i o n s , n e g l e c t i n g the 
r e m a i n d e r t e r m s , and w r i t i n g 

Ps = i ( P i , j + P i - i , j ) . P6 = i ( P i - i , j + P i - i , j - i ) . 

P7 = i ( P i - i , j - i + P i , j - i ) . Ps = i ( P i , j + P i , j - i ) . 

"̂ 5 = i i ' - L J + l + i - l , j ) . r t = i ( r i , j + i - i . i , j ) . 

r? = i f r L J + ^ L J - l ) . rg = i ( r i + i , j + r i _ j ) , 

25 = i ( 2 I , j + l + 2 i , j ) , Z(, = i ( z i J +Z1.1 j ) , 

27 = i ( 2 I , j + z i , j . i ) , and Zj = •|(2i_j + 2i.^i_j), 

we ob t a in 

•^I.J th- J - P l - l , J - l ) (2I , J + l - 2l J_ 1 
(Ap)l, 

+ 2 I - 1 , J - 2I + l , j ) - ( P l - l . J - P l , J - l ) 

(^I , J + 1 - ^ L J - l +^I+1 ,J • ^ I - l , j ) J 

a n d 
(35) 

(Contd . ) 
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I.J " (Ap)i J [ ( ^ I , J " - ^ I - l , J - l ' ( ' ' l . J + l " ' ' l . J -

+ ' ' l - l . J - ^I + l , j ) - ( P l - l , J - P l , J - l ) 

(^1,J + 1 - ' • l . J - l +'•1 + 1,J- ' ' I - l . j ) ] ' 

(Contd. ) 
(35) 

w h e r e 

(Ap)j_j = A j ^ j P j j + A j _ i _ j P i . i _ j + A j . i _ j . i P j . i _ j . i 

+ A l , j - l P l , j - l . 

No t i m e index is spec i f i ed in Eq . 35, the i m p l i c a t i o n be ing tha t a l l v a r i a b l e s 
a r e p r e s c r i b e d for the s a m e t i m e . 

It i s a s s u m e d tha t a l l c a l c u l a t i o n s a r e p e r f o r m e d up t h r o u g h cyc le 
n(t = t'^), so tha t for a l l po in t s and zones t h e r e a r e now a v a i l a b l e the v a l u e s 

of r n , z" , r " ' 2 , z " ' 2 , A" , V" , p " , q", £ " , £ " , ego , and E " . 
^ r r ZZ yy 

Next, the a c c e l e r a t i o n s a t t i m e n a r e c a l c u l a t e d f r o m E q . 35. These 
a c c e l e r a t i o n s m a y now be u s e d to a d v a n c e the v e l o c i t i e s of a l l po in t s to 
t i m e n + "2, 

i .n+i , i-n-l: + -n [ i (Atn+i + At""^ ) ] 

a n d 

w h e r e 

I = i " - i + in [i(Atn+l+Atn-i)], i n + i = i n 

(36) 

At" + 2 ,.n+i tn 

and 

Atn-'z = t " - t " " ' . 

T h e s e v e l o c i t i e s , in t u r n , a r e u s e d to a d v a n c e the c o o r d i n a t e s of a l l po in t s 
to t i m e n + 1, 
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a n d 

j.n+1 = j.n .̂ ^n+2 At"+2 

z"+ ' = z " + i " + i A t " + 2. 

(37) 

S u b s e q u e n t s t e p s involve the c a l c u l a t i o n of V, p , E , e t c . , for the 
z o n e s a t t i m e n + 1. The v o l u m e V of a q u a d r i l a t e r a l zone is c a l c u l a t e d 
f r o m E q . 31; i . e . , 

V " ^ ' = A"^ '2Tr r "+ ' , 
I ,J 1,J I ,J 

. n+] - n + i 
w h e r e A and r a r e c a l c u l a t e d f r o m E q s . 30 and 32, r e s p e c t i v e l y . 
The m a s s e s of the z o n e s a r e c a l c u l a t e d at the s t a r t of the p r o b l e m by 

m° = PoV°. 

T h e r e f o r e , f r o m E q . 33, the d e n s i t y of a zone a t t i m e n + 1 b e c o m e s 

p " + ' = m" 
/n+i 

(38) 

The von N e u m a n n - R i c h t m y e r p s e u d o v i s c o s i t y , q, i s c a l c u l a t e d f r o m 

n+i ,, , ,2 n+i 1 /AVn + 2 
q = (1.2) PoA 

i \ ^ 

{Vn+') \ A t n + 2 / * 

= 0 

f A V " + 2 < 0 , 

if AVn + 2 2 0 , 

(39) 

w h e r e 

AV"''"^ = V""*"' V " . 

The p r e s s u r e p and i n t e r n a l e n e r g y E of e a c h zone a r e ob t a ined 
f r o m the e q u a t i o n of s t a t e . 

.^n+i f (Vn+i ,E""^ ' ) , (40) 

and f r o m the e q u a t i o n of c o n s e r v a t i o n of e n e r g y , dE = - ( p + q ) dV, in dif­
f e r e n c e f o r m . 

E " + ' = E " - i ( P " + p " + ' + q " + ' ) AV"+^. (41) 
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If E q s . 40 and 41 canno t be so lved s i m u l t a n e o u s l y for the two unknowns 

p " and E'^ , t hen i t e r a t i v e t e c h n i q u e s a r e u s e d . 

The White s t a b i l i t y n u m b e r for e a c h zone is c a l c u l a t e d by 

(l^z)' 
n+1 

rjV ( F + PR) 

A " +1 (rr^h Avn + 2 

/n+i 
(42) 

and the t i m e i n t e r v a l At'^ ^ to be u s e d for the nex t c y c l e is c h o s e n so that 
the m a x i m u m of the s t a b i l i t y n u m b e r s for a l l zones wi th 

At n + i _ • A t n + i 

s a t i s f i e s E q . 20. 

Since the p r e s s u r e and spec i f i c i n t e r n a l e n e r g y a r e d e t e r m i n e d f rom 
E q s . 40 and 4 1 , us ing V (= l / p ) f r o m E q . 38, the c a l c u l a t i o n of s t r a i n s i s not 
n e e d e d . H o w e v e r , for m a t e r i a l s such a s s t e e l , wh ich have a l i m i t a t i o n on 
t e n s i l e s t r a i n and which exhib i t a n i s o t r o p i c s t r e s s e s u n d e r s h o c k c o m p r e s ­
s i o n s , the s t r a i n r a t e s and the s t r a i n s a r e c a l c u l a t e d s e p a r a t e l y . The s t r a i n 
r a t e s a r e g iven by 

a n d 

( e r r ^ 
,n+t 
I,J 

(ezz) 

(eaa)' 

1 

I ,J 

2A n+i 
"I,J 

n+1 . i.nx2 
1 + 1,J + 1 I,J 

n+i n+i 
I,J + 1 I + 1,J, 

n + i 
I ,J 

,n+i 
I,J + 1 

-1 

^n+^ n+1 _ n+i 
I + 1,J/ \ I + 1,J + 1 I,J 

2A n+1 
"I,J '-

n + i 
I + 1,J + 1 

^n+ iV n+1 
I , J / \ I , J + 1 

n+1 
'̂ 1 + 1,J 

\^I ,J + 1 I + 1,J/ 

AV 
I,J 

n+T 
A t vn+i 

I,J 

,n+i 
1 + 1,J + 1 

>n+i 
• ' • ' l ,J 

r " + ' 
I ,J 

(^zz) I . j J ' 

(43) 

and the s t r a i n s by 



1^ iTi+I / \n , .• \n+T , .n+T 
* ^ " * I , J '- ( ^ r r ) i , j + ( e r r ) i , / A t ^ 

>n+i \n+T A*n+2 

and 

' ^ - ' i : y = (^2z ) ; ; j + ( ^ z z ) " ? ^ ' ' 

(^eeC = (̂ ee)"j + (^ee)";/At"+i 

(44) 

C a l c u l a t i o n of the to ta l e n e r g i e s s e r v e s a s a check on the a c c u r a c y 
of the n u m e r i c a l c o m p u t a t i o n . The i n t e r n a l e n e r g y is c a l c u l a t e d by 

(lE)-^ 

-n+1 + E'̂  
n+1 - V 1,J I.J _o 

I,J ^ ' 
(4 5) 

and the k ine t i c e n e r g y by 

(46) 

Since the a c c u r a c y of the f i n i t e - d i f f e r e n c e equa t i ons depends l a r g e l y 
on zone d e f o r m a t i o n s , an e x t r a o r d i n a r i l y l a r g e va lue of the d i s t o r t i o n index 
can be u s e d a s a s i g n a l for s topping the c o m p u t a t i o n . The index for e a c h 
zone is c a l c u l a t e d f r o m 

, >n+i _ rMax(Di .D3) Max(D;,D4) Max(D5,D(,) 
^ ' l , J " [ M i n ( D , , D 3 ) ' Min(D2,D4) ' Min(D5,Dt) 

(47) 

w h e r e 

/ n + 1 n + i \ 2 ^ / n+1 n + i \ ^ 
° ' = (••l + l , J - ' " l , j ) " l ^ + l , J - ^ I , j j • 

^ / n+1 n+1 Y I n+1 n+i y 
°^ = i ' i + i , j + i - " i + i , j j ^ h + i , j + i - " i + i , j j 
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and 

/ n+1 n+1 V ^ / n+1 n+i V 
°^ = \ ' ' l + l , J + l - ' ^ I , J + l / + r i + l , J + l - " l , J + l j ' 

/ n + 1 n + i V / n + i n+i \ ^ 
°^ = i;^i,j+i- ' ' i , j j + ^"I , J+^" l , J j • 

/ n + 1 n + i \ ^ / n+1 n + l \ ^ 
° ^ = ^ ' ^ l + l , J + l - ' ^ l , J j " i ^ i + L j + i - ^ L j j • 

^ / n + 1 n+1 Y I n+1 n+i \ ^ 
° ^ = ( ; ' i , j + i - ' i + i , j j + ( , " i , j + i - " i + i , j j • 

T h i s c o m p l e t e s one cycle of c a l cu l a t i on . At th i s point , the f i n i t e -d i f f e r ence 
equa t ions a r e p r o g r a m m e d for n u m e r i c a l so lu t ion on the IBM 360 c o m p u t e r . 
A FORTRAN l i s t ing of the code is g iven in Append ix C. 

III. C O M P U T E R P R O G R A M 

A. Input In fo rmat ion R e q u i r e d 

The following c a r d types a r e r e q u i r e d a s input i n f o r m a t i o n to the 
p r o g r a m and a r e l i s t ed in the o r d e r in which t h e y nnust a p p e a r in the da ta 
deck . 

C a r d FORTRAN 
Type Columns F o r m a t N a m e D e s c r i p t i o n 

1 1-72 (18A4) T I T L E Ti t l e c a r d : 71 c h a r a c t e r s of a l p h a -
n u m e r i c s for p r o b l e m iden t i f i ca t ion . 
Co lumn 1 m u s t be blanl^. 

( 5 I 6 . 3 F U . 0 ) 

N u m b e r of zones in the r a d i a l (R) 
d i r e c t i o n . 

' " 1 2 JMAX N u m b e r of zones in the ax ia l (Z) d i r e c t i o n . 

l ^ - l ^ K B ! B o u n d a r y - c o n d i t i o n i n d i c a t o r for the top 
s u r f a c e (upper Z) . 
KB 1 = 0: F i x e d s u r f a c e , 
KB 1 = Z. F r e e s u r f a c e . 

^ ^ " 2 * KB2 B o u n d a r y - c o n d i t i o n i n d i c a t o r for the 
c y l i n d r i c a l s u r f a c e . 
KB2 = 0: F i x e d s u r f a c e . 
KB2 = 2: F r e e s u r f a c e . 

2^"^*^ KB3 B o u n d a r y - c o n d i t i o n i n d i c a t o r for the 
^^ottoi-n s u r f a c e ( lower Z) . 
KB3 = 0: F i x e d s u r f a c e . 
KB3 = 2: F r e e s u r f a c e . 
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Card 
Type 

2 
(Contd.) 

3 

Columns 

31-42 

43-54 

55-66 

1-12 

Format 

{5F12.0) 

FORTRAN 
Name 

TIME 

DELT 

DELTM 

CYCLM 

Description 

Initial problem starting time, in seconds. 

Initial time interval, in seconds. 

Maximum time interval, in seconds. 

Stop cycle; allows the problem to be 
terminated after stop cycle. 
(If CYCLM = 0 or blank, the program sets 
CYCLM = 10000.) 

13-24 TMAX Maximum time, in seconds; allows the 
problem to be terminated after TMAX sec­
onds. (If TMAX = 0 or blank, the program 
sets TMAX = 10000.) 

25-36 DISTM Maximum distortion index; allows the 
problem to be terminated if the distortion 
index on any zone in the problem exceeds 
DISTM. (If DISTM = 0 or blank, the pro­
gram sets DISTM = 10000.) 

37-48 DEI Instability warning indicator. If the per­
centage change in the total energy is 
greater than DEI, the program ignores 
lOUA instruction on card of type 4 and 
prints full accuracy output every cycle. 
(If DEI = 0 or blank, the program sets 
DEI = 0.001.) 

49-60 DE2 Instability control parameter, allows the 
problem to be terminated if the percentage 
change in the total energy from the initial 
total energy exceeds DE2. (If DE2 = 0 or 
blank, the program sets DE2 = 0.006.) 

(1216) 

1-6 lOUA Parameter to determine the full accuracy 
printout. 
lOUA > 0: Full-accuracy output every 
lOUA cycle. 
lOUA = 0: No printout. 

7-12 INUMBA Maximum number of full-accuracy print­
outs. After the number of full-accuracy 
printouts exceeds INUMBA, the program 
prints the full-accuracy printout for the 
last cycle only. 

13- 18 lOUB Parameter to determine the limited 2-
dimensional (2-D) printout. 
lOUB > 0; Limited 2-D output every 
lOUB cycle. 
iOUB = 0; No printout. 

19-24 lOliC Parameter to determine film output. 
(IBM 2280 Film Recorder Picture Display.) 
lOUC > 0: Film output every lOUC cycle. 
lOUC =0: No film output. 

25-30 lOUT Parameter to determine restar t 
capability--usage of auxiliary tapesSandS. 
lOUT = 0: Tapes 8 and 9 are not used. 
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C a r d 
Type 

4 
(Contd . ) 

F O R T R A N 
C o l u m n s F o r m a t N a m e D e s c r i p t i o n 

25-30 lOUT lOUT = 1: Af te r the c o m p u t a t i o n is t e r ­
m i n a t e d , the p r o g r a m w r i t e s the output 
da ta on a b i n a r y t ape 8 so tha t the p r o b ­
l e m m a y be con t inued l a t e r . 
lOUT = 2: Con t inua t ion of the p r o b l e m 
f rom a p r e v i o u s run . 
P r o g r a m r e a d s the input da ta f r o m a 
b i n a r y t ape 9. 
lOUT = 3; P r o g r a m c o m b i n e s both lOUT = 1 
and lOUT = 2 c a p a b i l i t i e s : P r o g r a m r e a d s 
the input data f rom a b i n a r y t ape 9 and a l s o 
w r i t e s the output da ta on a b i n a r y t ape 8 for 
l a t e r con t inua t ion . 

Note: F o r lOUT = 2 and 3, the input to the p r o g r a m is on tape 9; thus c a r d s of t y p e s 5 to 
24 a r e o m i t t e d and only c a r d s of t ypes 1. 2, 3, 4, 25, 26, 27, 28, and 29 a r e 
r e q u i r e d . 

{8F9-0) 

1-9 

10-18 

19-27 

Use a s m a n y c a r d s of type 5 a s r e q u i r e d ; 

(8F9.0) 

1-9 Z(2,2) 1 

10-18 Z{2,3) I 

19-27 Z(2,4) J 

Use a s m a n y c a r d s of type 6 a s r e q u i r e d ; 

In i t ia l g r i d d i m e n s i o n s - - r a d i a l d i r e c t i o n . 

= IMAX + 2. 

In i t ia l g r i d d i m e n s i o n s - - a x i a l d i r e c t i o n . 

7 

8 

1-6 

1-6 

7-12 

13-18 

19-24 

2 5-30 

(16) 

(7I6 ,2F9.0) 

NSE 

KRl 

KR2 

KZl 

KZ2 

K T l 

Z2,J^ J = 2, 3, 

N u m b e r of r e c t a n g u l a r s e c t i o n s into which 
the g r i d is subd iv ided . 

Sec t ion C a r d s . 

S t a r t i ng zone n u m b e r m the r a d i a l d i r e c t i o n . 

F i n a l zone n u m b e r in the r ad i a l d i r e c t i o n . 

S t a r t i ng zone n u m b e r in the ax ia l d i r e c t i o n . 

F i n a l zone n u m b e r in the ax ia l d i r e c t i o n . 

M a t e r i a l i n d i c a t o r . 
K T I R = 1 ( c o r e ) 

2 ( sod ium) 
3 ( s t ee l ) 
4 ( a rgon) 
3 (axia l b l a n k e t ) 
6 ( r a d i a l b l anke t ) 
7 (p lenum) 
8 (wa te r ) 

As u s e d in the 
s a m p l e p r o b l e m . 

M a t e r i a l p h a s e i n d i c a t o r . 
KT2j^ ^ I ( so l ids o r l i qu ids ) 

2 (vapor ) . 

P a r a m e t e r d e s c r i b i n g the types of input 
u s e d for zone p r o p e r t i e s (;7,E,P). 
K T M I ( . = 1: Input for a l l zones in t h i s 
s e c t i o n is on c a r d s of type 10. 
KTMi^ = 0: Input for e a c h zone in th i s 
s e c t i o n Is on c a r d s of type 14. 
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C a r d 
T y p e 

8 
(Contd . ) 

9 

C o l u m n s 

4 3 - 5 1 

52-60 

1-6 

F o r m a t 

(16) 

F O R T R A N 
N a m e 

HDD 

ZDD 

NMAT 

1-9 

10-18 

19-27 

28-36 

37-45 

46-54 

55-57 

1-9 

10-18 

19-27 

1-9 

10-18 

19-27 

2 8 - 3 6 

(6F9 .0 , I3 ) 

(6F9 .0 ) 

(8F9 .0) 

AAk 

B B k 

CRHOi( 

CPk 

KKK^ 

CWN|^ 

CWBk 

C P L G i , 

P P k . l 

VVk, , 

p p k , l 

vv k , i 

Use a s m a n y c a r d s of type 12 a s r e q u i r e d : 
Note : The Hugoniot c u r v e s on c a r d s are in 

(8F9 .0) 

1-9 

10-18 

19-27 

28-36 

37-45 

POk 

ROK 

EOk 

GOk 

COk 

D e s c r i p t i o n 

In i t i a l r a d i a l v e l o c i t y , in c m / s e c . 

In i t i a l a x i a l v e l o c i t y , in c m / s e c . 

N u m b e r of d i f fe ren t m a t e r i a l s . 
NMAT m u s t be equa l o r g r e a t e r than any 
KT1|^ on c a r d s of type 8. 

C o n s t a n t s for e q u a t i o n of s t a t e ( saseoua 
m a t e r i a l s ) : C o r e P = a e x p [ - b / ( E + c ) ] . 

A r g o n P = a E p; u s e d only when KT2j^ = 
2 for the s a m e m a t e r i a l . 

In i t ia l d e n s i t y PQ, in g / c m * . 

In i t i a l e n e r g y EQ, in d y n e - c m / g . 

In i t i a l p r e s s u r e P Q , in d y n e s / c m ^ . 

N u m b e r of P P j and VV| v a l u e s on c a r d s of 
type 12. P P j and VVj r e p r e s e n t Hugoniot 
c u r v e for the m a t e r i a l . 
If KKK^ ^ 0, c a r d s of type 12 a r e not u s e d . 

^ I C o n s t a n t s for s t a b i l i t y c r i t e r i o n 
p g j ( see Eq. 27) . 

P a r a m e t e r for s t r a i n c a l c u l a t i o n s . If 
CPLGi^ — 0, no s t r a i n c a l c u l a t i o n is r e ­
q u i r e d . If CPLG|^ > 0, r a d i a l , a x i a l , and 
a n g u l a r s t r a i n s a r e c a l c u l a t e d for th i s 
m a t e r i a l . Value of C P L G ^ is the m a x i m u m 
a l l o w a b l e s t r a i n of the m a t e r i a l . P r o b l e m 
wil l b« t e r m i n a t e d when the s t r a i n in any 
zone of the m a t e r i a l e x ' t e e d s C P L G . 

H u g o n i o t - c u r v e p o i n t s ; u s e d only when 
KKKk > 0 

Pj-I a r e the p r e s s u r e v a l u e s i n k i l o -
b a r s on Hugoniot c u r v e for the 
spec i f i ed m a t e r i a l k. (v /Vg) , a r e 
the r a t i o s of the spec i f ic v o l u m e s 
for the { P H ) I v a l u e s . 
I = 1. 2 . . . . KKKk-

0 < KKK:5 50. 
i n c r e a s i n g o r d e r of V / V Q -

C o n s t a n t s for n n a t e r i a l s tha t a r e u s ing the 
Hugoniot t a b l e ; u s e d only when KKKj^ > 0. 

In i t i a l p r e s s u r e at wh ich the Hugoniot c u r v e 
i s c a l c u l a t e d , in d y n e s / c m ^ . 

In i t i a l d e n s i t y for the Hugoniot c u r v e , 
in g / c m ^ . 

In i t i a l spec i f i c e n e r g y for the Hugoniot 
c u r v e , in d y n e - c m / g . 

>!: M i e - G r u n e i s e n coe f f i c i en t . 

y^: Add i t i ona l M i e - G r u n e i s e n coe f f i c i en t . 
U s e d when m a t e r i a l i s s t e e l for P j ^ > 131 kb , 
o r w a t e r for P u > 136 kb. 

( P H ) , 

(v/v„), 

( P H ) , 

(v/v„), 
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Card FORTRAN 
Type Columns Format Name Description 

14 (213,7F9.0,213) Card input for individual zones; used only 

when KTMk = 0 on card of type 8. 

1_3 IIj J Zone number in the radial direction. 

4_^ JJT J Zone number in the axial direction. 

7 _ 1 5 RCli J Radial dimension, in cm.* 

16-24 ZCIT J Axial dimension, in cm.* 

25-33 RDOTi^j Radial velocity, in cm/sec* 

34_42 ZDOTi^j Axial velocity, in cm/sec* 

43-51 RHOi^j Density, in g/cm^ 

52-60 Ej J Specific energy, in dyne-cm/g. 

61-69 P I J Pressure in dynes/cm^. 

70-72 KTXi J Material indicator; same identification as 
KTlk on card of type 8. 

73-75 KTYj j Material phase Indicator; same identifica­
tion as KTZ\^ on card of type 8. 

15 (6I6,F12,0, Parameters to describe the plug and plat-
2I6,F12.0) form calculations (upper surface). 

1_5 KPP Parameter that determines whether plat­
form motion is to be calculated. 
KPP = 1: Platform motion is calculated 
according to MZ + CZ + KZ = F(t), where 
M is the total mass of the platform, KZ is 
the spring force, CZ is the damping force, 
and F(t) is the total force applied by the 
system on the platform. 
KPP = 0: No platform calculations. 

7-12 KPPl Radial-zone number at which the platform 
starts. 

13-18 KPP2 Radial-zone number at which the platform 
ends (KPP2 ^ KPPl). 

19-24 KPPX Number of CXj and CXDi values on cards of 
type 16, where the spring force KZi vs Zj is 
tabulated. If KPPX < 0, KZ is set to zero. 

25-30 KPPC Number of CVj and CVDi values on cards of 
type 17, where the damping force CZj vs Zi 
is tabulated. If KPPC ^ 0, CZ is set to zero. 

31-42 PMASS Total mass of platform, in grams. 

Note: KPPl, KPP2, KPPX, and KPPC are used only when KPP = 1. 

43-48 KPLl Parameter to determine plug calculations. 
If KPLl > 0, the total force applied by the 
system on the plug is calculated. 
KPLl indicates the number of the first 
radial zone of the plug. 

These values are the displacements and velocities at the lower left corner of the individual zone. 

Note: When KTMĵ  = 0 on card of type 8, cards of type 14 must be entered in the following order for each 

section; First, cards having J = KZlj^ arranged in the increasing order of I, i.e., from I = KRlĵ  to I = 

KR2î ; next, groups of cards having J = KZl. + 1. KZl. + 2, etc., until J = KZ2j^. In each group, cards 

are again arranged in increasing order of I, i.e., from I = KRlĵ  to I = KR2ĵ . KRlj ,̂ KR2ĵ , KZlj^. and 

KZ2ĵ  are defined on cards of type 8. 
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C a r d 
Type 

15 
(Contd . ) 

17 

18 

49-54 

55-66 

F O R T R A N 
N a m e 

K P L 2 

P L U G 

D e s c r i p t i o n 

N u m b e r of the l a s t r a d i a l zone of the p lug . 
(KPL2 > K P L l . ) 

A l lowab le plug f o r c e , in d y n e s . P r o b l e m s 
wi l l be t e r m m a t e d when the f o r c e ac t i ng on 
the plug e x c e e d s P L U G . 

Note : K P L 2 and P L U G a r e u s e d only when K P L l 

(8F9.0) 

1-9 

10-18 

19-27 

28-36 

Use a s m a n y c a r d s of type 16 a s r e q u i r e d . 

Note : The K Z i - v s - Z j v a l u e s a r e e n t e r e d in p a i r s in i n c r e a s i n g o r d e r of Z j , s t a r t i n g with 
Zl (=0), Z J , . . . . to Z K P P X . 

CX, 

CXD, 

CX2 

CXDj 

KZ, 

z, 
KZ; 

Z ; 

K Z j - v s - Z i t a b l e ; u s e d only when K P P X > 0 
on c a r d of type 15. 

KZj IS the s p r i n g f o r c e , in d y n e s , for 
' t h e d i s p l a c e m e n t Z j , in c m . 

(8F9 .0) C Z j - v s - Z i t a b l e ; ^ s e d only when K P P C > 0 
on c a r d of type 15. 

CV, 

CVD, 

C V , 

CVD, 

C Z , 

z. 
C Z j 

Z; 

CZi is the dannping f o r c e , in d y n e s , for 
the ve loc i t y Z j , in c m / s e c . 

1-9 

10-18 

19-27 

28-36 

Use a s m a n y c a r d s of type 17 a s r e q u i r e d . 

Note : The C Z j - v s - Z j v a l u e s a r e e n t e r e d in p a i r s in i n c r e a s i n g o r d e r of 
Z I , s t a r t i n g wi th Zj ( = 0), Z j , . . . , to Z ^ p p ^ ' 

[3(213,F12.0,213)] P a r a m e t e r c a r d for the f r e e - s u r f a c e 
b o u n d a r y cond i t ion . 

The following p a r a m e t e r s a r e a s s o c i a t e d wi th t h e ' t o p s u r f a c e (upper Z); they a r e u s e d 
only when KB 1 = 2. (See c a r d type 2.) 

4-6 

KB 11 R a d i a l - z o n e n u m b e r at which the f ree s u r ­
face s t a r t s . 

KB12 R a d i a l - z o n e n u m b e r at which the f ree s u r ­
face e n d s . 

Note : B o u n d a r y cond i t ion for zones o u t s i d e KB 11 and KB 12 is fixed s u r f a c e . 

7 -18 YMX L i m i t i n g ax ia l d i m e n s i o n , in c m . M e s h 
po in ts on the f ree s u r f a c e m a y n^ove up to 
YMX. 

19-21 

M12 

M a t e r i a l i n d i c a t o r for s p a c e b e t w e e n f r ee 
s u r f a c e and YMX. S a m e iden t i f i ca t ion a s 
KT Ik on c a r d of type 8. 

M a t e r i a l p h a s e i n d i c a t o r for M i l m a t e r i a l . 
S a m e iden t i f i ca t ion a s KTZ^ on c a r d of 
type 8. 

The following p a r a m e t e r s a r e a s s o c i a t e d wi th the c y l i n d r i c a l s u r f a c e ; they a r e u s e d 
only when KB2 = 2. (See c a r d type 2.) 

KB21 A x i a l - z o n e n u m b e r at which the f ree s u r ­
face s t a r t s . 



C a r d FORMAT 
Type Co lumns F o r m a t Name D e s c r i p t i o n 

18 28-30 KB22 A x i a l - z o n e n u m b e r at which the f ree s u r -
(Contd.) face e n d s . 

Note: The b o u n d a r y condi t ion for zones ou t s ide KB21 and KB22 is a fixed s u r f a c e . 

31-42 YMS Limi t ing r a d i a l d i m e n s i o n , in c m . M e s h 
points on the f ree s u r f a c e m a y m o v e up to 
YMS. 

4 3 - 4 5 M21 M a t e r i a l i nd i ca to r for s p a c e b e t w e e n f ree 
s u r f a c e and YMS. S a m e iden t i f i ca t ion a s 
KTlj^^ on c a r d of type 8. 

4 6 - 4 8 M22 Mater iaL phase i nd i ca to r for M21 m a t e r i a l . 
S a m e iden t i f ica t ion a s KT2|^ on c a r d of 
type 8. 

k ' 

The following p a r a n n e t e r s a r e a s s o c i a t e d wi th the bo t tom s u r f a c e ( lower Z); they a r e 
u s e d only when KB3 = 2. (See c a r d type 2.) 

4 9 - 5 1 KB31 R a d i a l - z o n e n u m b e r at which the f r e e 
s u r f a c e s t a r t s . 

52-54 KB32 R a d i a l - z o n e n u m b e r at wh ich the f ree 
s u r f a c e e n d s . 

Note: Boundary condi t ion for zones ou ts ide KB31 and KB32 is f ixed s u r f a c e . 

55-66 YMN L imi t i ng ax ia l d i m e n s i o n , in c m . M e s h 
po in ts in the f ree s u r f a c e m a y m o v e up to 
YMN. 

67-69 M31 M a t e r i a l i nd i ca to r for s p a c e be tween f ree 
s u r f a c e and YMN. Saine iden t i f i ca t ion a s 
K T l k on c a r d of type 8. 

70 -72 M32 M a t e r i a l p h a s e i n d i c a t o r for M31 m a t e r i a l . 
S a m e iden t i f i ca t ion a s KT2j^ on c a r d of 
type 8. 

19 1-6 (16) N P P N u m b e r of zones for wh ich p r e s s u r e s a n d / o r 
d i s p l a c e m e n t s a r e p r i n t e d a f t e r e a c h c y c l e . 
T h e s e v a l u e s a l s o m a y be d i s p l a y e d us ing 
the Calconnp opt ion . (See c a r d type 29.) 

20 1-6 (1216) KXPi F i r s t r a d i a l - z o n e n u m b e r . 

7-12 KYPj F i r s t a x i a l - z o n e n u m b e r . 

13-18 KXPj Second r a d i a l - z o n e n u m b e r . 

l ' - 2 4 KYP2 Second a x i a l - z o n e n u m b e r . 

KXPj , KYPj define each zone to be d i sp layed ; j - 1, 2, . , . , N P P (0 < N P P ^ 6). The 
s igns be fore KXPj and KYPj ind ica te the type of i n f o r m a t i o n to be d i s p l a y e d . 

KXP 
, P r e s s u r e . 

KYP 

KXP 

KYP 

KXP 

J > 0 / 

j ^ " I Rad ia l d i s p l a c e m e n t of 1 
. y Q| l o w e r left c o r n e r . 

j '* ^1 Axial d i s p l a c e n 
• <^ 0] left c o r n e r . 

e m e n t of the lower 

KYPj 

Note; Ca rd type 20 is u sed only when N P P > 6. 

1-6 (216) NTW N u m b e r of r e a c t o r v e s s e l s . 

7-12 NTM N u m b e r of d i f ferent m a t e r i a l s u s e d for the 
v e s s e l s . 
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C a r d 
Type 

F O R T R A N 
N a m e D e s c r i p t i o n 

The fol lowing c a r d types a r e u s e d only when NTW > 0. 

1-6 

7-12 

19-24 

25-30 

(5I6 ,2F12 .0) MIj 

M J j 

MTHj 

MTV; 

R a d i a l - z o n e n u m b e r for the v e s s e l w a l l . 

A x i a l - z o n e n u m b e r for the v e s s e l bo t tom 
p l a t e . 

M a t e r i a l n u m b e r for the v e s s e l bo t tom 
p l a t e . 

M a t e r i a l n u m b e r for the v e s s e l wa l l . 

D e s c r i b e s type of s u p p o r t for top of v e s s e l : 

MTC 

M T C 

31 

43 

se 

1 

13 

25 

37 

49 

61 

42 

54 

a s m a n y 

12 

24 

36 

48 

60 

66 

of c a r d s 

(5F12.0 

of t 

16) 

ype 

THHj 

THVj 

2.Z a s reqv 

XMEij 

XYPi, 

XEUk 

XRHOi; 

K P R k 

KNPk 

s i m p l y s u p p o r t e d . 

f ixed. 

f r e e . 

T h i c k n e s s of v e s s e l bo t tom p l a t e , in c m . 

T h i c k n e s s of v e s s e l w a l l , in c m . 

1; j = 1, 2 NTW (0 s NTW :S 10). 

V e s s e l c a r d p r o p e r t i e s . 

Modulus of e l a s t i c i t y , in d y n e s / c m * . 

Yield point , in d y n e s / c m ^ . 

U l t i m a t e s t r a i n , in c m / c m . 

M a t e r i a l d e n s i t y , in g / c m ' . 

P o i s s o n ' s r a t i o . 

N u m b e r of XSS, and XSR, v a l u e s on c a r d s 
of type 24. 

Use a s m a n y c a r d s of type 23 a s r e q u i r e d ; k = 1, 2, NTM (0 E NTM 10). 

( 8F9 .0 ) 

1-9 

10-18 

19-27 

2 8 - 3 6 

XSSk,, 

XSRk.i 

XSSk,2 

XSRk,2 

S t r e s s - S t r a i n c u r v e po in t s ; u s e d only when 
KNPk > 0. 

% 
XSSk.i a r e the s t r e s s v a l u e s , in d y n e s / c m ^ , 
for the spec i f i ed m a t e r i a l k. 

XSRk,i a r e the s t r a i n v a l u e s for XSSj^ • 
p o i n t s . 

= 1, 2, . . . . KNPk (0 - KNPk - ^0)-Uae a s m a n y c a r d s of type 24 a s r e q u i r e d ; 

No te ; The s t r e s s - s t r a i n c u r v e s a r e in d e c r e a s i n g o r d e r of s t r e s s v a l u e s . 

The fol lowing c a r d s a r e u s e d only when lOUC > 0. 

(16) 

(1216) 

N 

1-6 

J X l i 

N u m b e r of l i n e s on the g r i d tha t a r e to be 
r e p e a t e d to p r o v i d e h e a v i e r ou t l ine for f i lm 
output . 

Spec i f i ca t ion of the l ines tha t a r e to be r e ­
p e a t e d ; u s e d only when N -> 0 on c a r d of 
type 25 . 

S t a r t i n g m e s h - p o i n t n u m b e r of the f i r s t l ine 
(in r a d i a l d i r e c t i o n ) . 

F i n a l m e s h - p o i n t n u m b e r of the f i r s t l ine 
(in r a d i a l d i r e c t i o n ) . 

S t a r t i n g m e s h - p o i n t n u m b e r of the f i r s t l ine 
(in a x i a l d i r e c t i o n ) . 



C a r d 
Type 

26 
(Contd.) 

19-24 

25-30 

FORTRAN 
N a m e 

J X 2 i 

IX l2 

D e s c r i p t i o n 

F i n a l m e s h - p o i n t n u m b e r of the f i r s t l ine 
(in ax ia l d i r e c t i o n ) . 

S t a r t i n g m e s h - p o i n t n u m b e r of the s e c o n d 
l ine (in r a d i a l d i r e c t i o n ) . 

Use a s m a n y c a r d s of type 26 a s r e q u i r e d , t h r e e l i n e s p e r c a r d . 

Note: F o r each l ine J, e i t h e r I X l j ^ IX2j o r J X l j = J X 2 j , J = 1, ., N (1 : ; 5 0 ) 

1-6 

7-18 

1-6 

(16,F12.0) 

(1216) 

N X l l 

NXI2 

NXlr> 

N u m b e r of p r e s s u r e c u r v e s for e a c h 
d i s p l a y e d c y c l e . 

M a x i m u m p r e s s u r e , in d y n e s / c m , tha t can 
be p lo t t ed . 

Spec i f i ca t ion of the l ines for wh ich the p r e s ­
s u r e is p lo t ted; u s e d only when NNM > 0 on 
c a r d of type 27 . 

F o r pos i t i ve N X l j , p r o g r a m p lo t s the p r e s ­
s u r e for a l l ax ia l zones ( Z j - J = 2, 
JMAX + 1) at the r a d i a l zone R = N X l j . F o r 
nega t ive N X l j , p r o g r a m p lo t s the p r e s s u r e 
for a l l r a d i a l zone 
the ax ia l zone Z = 

(Rj - I = 2, IMAX + 1) at 

Use a s m a n y c a r d s of type 28 as r e q u i r e d , 12 n u m b e r s pe r c a r d ; 
(1 ^ NNM ^ 50). 

N X l j . 

= 1, 

[ I6 , (6F12.0)] 

S C T K i 

Use a s m a n y c a r d s a s r e q u i r e d ; K = 1, 2, 

C a l c o m p opt ion c a r d . 

KCAL > 0: P r o g r a m d r a w s C a l c o m p p lo t s 
of plug fo rce and the v a l u e s spec i f i ed on 
c a r d s of t ypes 19 and 20 vs t i m e . 
KCAL ^ 0: No C a l c o m p plo t . 

Sca le for t i m e a x i s ( h o r i z o n t a l ) . SCT is the 
n u m b e r of s e c o n d s p e r inch of p lo t . If SCT = 
0.0 o r b l ank , the p r o g r a m s e t s SCT = 0 .001 . 

Sca le for plug fo rce ( v e r t i c a l a x i s ) . S C T l is 
the n u m b e r of dynes p e r inch of p lo t . If 
S C T l = 0.0 o r b lank, the p r o g r a m c a l c u l a t e s 
the o p t i m u m s c a l e . 

Sca le for f i r s t va lue d e s c r i b e d on input c a r d s 
of t ypes 19 and 20 ( v e r t i c a l a x i s ) . If SCTKj = 
0.0 o r b lank , the p r o g r a m c a l c u l a t e s the 
o p t i m u m s c a l e . 

Sca le for s econd va lue d e s c r i b e d on input 
c a r d s of t ypes 19 and 20 ( v e r t i c a l a x i s ) . If 
SCTK; = 0.0 o r b lank , the p r o g r a m c a l c u ­
l a t e s the o p t i m u m s c a l e . 

. . . . N P P (0 s N P P £ 6). 

B. Computer Output 

1. Standard Program Printout 

(1) Title of problem 

(2) Input data 



(3) Total energy 

(4) For each cycle 

(a) Full accuracy output (see Subsection l.a below) 

(b) Limited 2-D output (see Subsection l.b below) 

(c) Time (sec); total internal energy (dyne-cm); 
total kinetic energy (dyne-cm); and total energy 
(dyne-cm) 

(d) Cycle number; t ime; time interval (D-TIME); 
maximum distortion index (DISTORT); location 
of the maximum distorted zone; maximum (cal­
culated) White stability number (WMAX) and its 
location 

(e) Plug force and other values requested on input 
cards of types 19 and 20. (These values are also 
printed at the end of each run.) 

(5) Reason for termination of run (if other than specified 
on input card type 3). 

a. Ful l -accuracy Output 

When lOUA > 0, a full-accuracy printout is given for each 
lOUA cycle, subject to the limitation in INUMBA. (See input card type 4 
for explanation of lOUA and INUMBA.) 

(1) For each cycle 

(a) Title of problem 

(b) Cycle number 

(c) Time 

(2) Fo r each zone 

Eleven columns, consisting of integers I and J; Rj j ; 

^I .J- ^ I , J ' 2^1,J' P l , J ' VPl .J ' ^ I , J ' Pi,J' ^"'^ mater ia l 
and phase indicators . 
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RJ J , ZJ J = position of lower left corner of zone I,J 
(in cm). 

RJ J , ZJ J = velocity of lower left corner of zone I,J 
(in cm/sec ) . 

P J J = total p ressu re (in dynes/cm^). 

VPj J = viscous p ressu re (in dynes/cm ). 

El J = internal energy (in dyne-cm/g) . 

Pj J = density (in g/cm^). 

Note: For the initial data (cycle = 0), M° is printed 
instead of VPi^j, where M° j is the mass (in 
grams) of each zone. 

b. Limited 2-D Output 

This integer output is printed for every IOUB cycle, only 
when IOUB > 0. It is in the form of a matr ix and includes the following 
propert ies: 

(1) Initial radial position of the grid points (R. ). 

(2) Initial axial position of the grid points (Z? . ) . 

Note: Items 1 and 2 are printed only when cycle 
number = 0. 

(3) Radial displacement of the grid points from the initial 
position. 

(4) Axial displacement of the grid points from the initial 
position. 

(5) Radial velocity of the grid points. 

(6) Axial velocity of the grid points. 

(7) Total p ressu re of the zones. 

(8) Viscous p ressu re of the zones. 

(9) Specific internal energy of the zones. 



(10) Density of the zones. 

(11) Radial s t rain of the zones. 

(12) Axial s t rain of the zones. 

(13) Angular strain of the zones. 

More specifically, each page of printout is prefaced by the 
problem tit le, property definition, t ime, t ime interval, cycle number, maxi­
mum absolute value, and scale factor used. This is followed by a mat r ix 
(maximum 50 x 25) of the property values, where the rows indicate radial 
and the columns indicate axial direction. Numbers a re printed on the top 
and left side of the mat r ix to indicate the position of each zone in the grid. 
If the grid size exceeds 50 x 25, the printout continues on successive pages 
until the grid is connpleted. 

To obtain the printed integers , the program multiplies the 
calculated property values by the indicated scale factor and then t runcates . 
The maximum number of integers for each property is limited to 4; thus 
the maximum number printed is ±9999. If all calculated values are zeros , 
the mat r ix output is omitted. 

2. P ic tor ia l Display (lBM-2280 Film Recorder) 

P ic tor ia l displays of the grid displacement and p re s su re can be 
obtained for every lOUC cycle, only when lOUC > 0. (See input card 
type 4.) ^ 

a. Grid Displacement. The program draws the grids for 
specified cycles according to the input on cards of types 25 and 26, and then 
obtains the required film output. Cycle number and time (in seconds) a re 
drawn at the top of each grid. (Note: The lower left corner of the picture 
indicates the position of R2,2 '^"'^ Z^^j.) 

b . P r e s s u r e . If a p re s su re display in either the axial or 
radial direction is specified, the program plots the p re s su re of each zone 
(at the lower zone mesh point) in the specified direction, and then draws 
the interconnecting vec tors . (Note: The zone number in the other d i rec­
tion is constant.) 

To ensure uniform scaling of the plots, the expected maxi­
mum p r e s s u r e must be specified. (See input cards of types 27 and 28.) 



3. Calcomp Display 

This display is executed at the end of a problem, but only when 
KCAL > 0. (See input card of type 29.) 

When executed, the program plots, as a function of time elapsed, 
the total force applied on the plug by the system. It also plots, as a func­
tion of t ime, the values described on input cards of types 19 and 20. 

Each of the above plots has its own vert ical and horizontal axis. 
The latter always represents t ime, and its scale is specified on an input 
card of type 29. Scales for the vert ical axis (10 in. allowed) nnay be speci­
fied on a card of type 29; if not, the program finds the optimum scale from 
the calculated values. On all plots, consecutive points are interconnected 
with vectors . 

C. Program Limitations and Subroutines 

1. Limitations 

Number of Not to exceed 

(1) Grid zones 5000 

(2) Different mater ia ls 20 

(3) Different sections 20 

(4) Points for Hugoniot curve(s) 50 

(5) Points for KZ-vs-Z and 
CZ-vs-Z tables 50 

(6) Lines repeated for pictorial 
display 50 

(7) Different p ressure plots per 

cycle 50 

(8) Reactor vessels 10 

(9) Points for s t r e s s - v s - s t r a i n 
table for reactor mater ia l 50 

(10) Cycles per run for Calcomp 
display 1000 

(11) Different plots for Calcomp 
display , 7 



2. Subroutines 

To execute the pictorial display, the program uses the subrou­
tines described in, A Fi lm-Plot t ing Subroutine Package (FSP) for the IBM 
Fi lm Recorder , by D. Carson (Argonne AMD Technical Memorandum 
No. 167, June 17, 1968). 

To execute the Calcomp display, the program uses the subrou­
tines described in, s /360 Programming Techniques for the Calcomp 780, 
by R. F . Krupp (Argonne AMD Technical Memorandum No. 130, 
January 6, 1967). 

IV. SAMPLE PROBLEM 

A. Reactor Configuration 

The reactor is of the oxide-fueled pancake type having a core height 
of 50 cm. The fuel is contained in stainless steel pins supported in a stain­
less steel grid plate and cooled by liquid sodium. With reference to Fig. 3, 
the core is surrounded by a radial blanket, an upper blanket and plenum, and 
a lower blanket. The sodium is blanketed with argon gas and is contained in 
a steel vesse l . This vessel is installed within a concrete cavity that has a 
rotating shield plug in the platfornn at the top. Because of the axisymmetry, 
only half the c ross section is shown in Fig. 3. The grid plate is not included 
in the analysis . 

B. Excursion Model 

It is assumed that at the s tar t of the power excursion the core is 
molten and the sodiunn has been expelled from the core region, but the blan­
kets are intact. The energy re lease during the excursion is so rapid that 
the molten oxide fuel is vaporized and superheated to a high temperature 
and p r e s s u r e . At the end of the excursion, the core consists of only high-
p res su re oxide vapor, but is still surrounded by the core blankets and liquid 
sodium in their preexcursion s tate . 

C. Equations of State 

form 

where 

The equation of state for core oxide vapor is assumed to have the 

B e x p ( - ^ ) , (48) 
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p = p r e s s u r e , 

E = i n t e r n a l e n e r g y , 

and the c o n s t a n t s B and C, for p (in d y n e s / c m ^ ) and E (in d y n e - c m / g ) a r e 

B = 7.6 X 1 0 " 

and 

C = 5.88 X 10'° . 

The c o n s t a n t D is t a k e n to be z e r o . 

The e q u a t i o n s of s t a t e of the c o r e b l a n k e t s , p l e n u m , s t e e l , and 
s o d i u m a r e g iven by E q . 18; v a l u e s of pj j for s o d i u m and s t e e l a r e t a k e n 
d i r e c t l y f r o m Ref. 6.* The c o r e b l a n k e t s and p l e n u m a r e m a d e up of 
s e v e r a l d i f f e ren t m a t e r i a l s . The Hugonio t of t h e s e c o m p o s i t e m a t e r i a l s 
can be c o n s t r u c t e d f r o m the e x p e r i m e n t a l Hugoniot of the ind iv idua l e l e ­
m e n t s , u s i n g the m e t h o d ou t l ined in Append ix B . 

T h e e q u a t i o n of s t a t e for a r g o n is g iven by 

P = i ^ l ^ ^ , (49) 

w h e r e T) i s the i s e n t r o p i c exponen t . F o r the s a k e of s i m p l i f i c a t i o n , t h i s 
va lue is t a k e n to be 1.4. 

D. B o u n d a r y C o n d i t i o n s 

The b o u n d a r y c o n d i t i o n s a r e a s fo l lows: 

1. At the i n n e r c i r c u m f e r e n t i a l s u r f a c e of the p r i m a r y cav i ty , the 
r a d i a l v e l o c i t y of p a r t i c l e i s z e r o a t a l l t i m e s ; i e . , r ( 4 9 , J ) = 0, w h e r e 
J = 2, 3, . . . , 50, 

2. At the top and b o t t o m of the p r i m a r y cav i ty , the a x i a l v e l o c i t y 
of p a r t i c l e i s z e r o a t a l l t i m e s ; i . e . , z ( l ,2) = z(I ,50) = 0, w h e r e 1 = 2, 
3, .... 49. 

E . In i t i a l C o n d i t i o n s 

N u m e r i c a l so lu t i on of f i n i t e - d i f f e r e n c e e q u a t i o n s r e q u i r e s tha t 
i n i t i a l v a l u e s for a l l p a r a m e t e r s be known at t i m e t = 0. In t he s a m p l e 

The values for sodium were the shock adiabats of the solid-phase sodium. However, the deviations of 
Pll*V values between the solid-liquid phases are believed to be small. 
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problem, this is the time when the neutronics have ceased. Therefore, the 
p res su re , internal energy, etc., obtained from the power-excursion calcula­
tions are the initial values of this problem. For purposes of checking the 
2-D hydrodynamics code, initial values obtained from MARS calculation 
have been modified. The assumed p re s su res and specific internal energies 
in the vaporized core are as tabulated below, where the upper values are 
p re s su re s , in kilobars, and the lower values are specific internal energies , 

in joules. 

R(l) 

2-18 

8.8 
1318 

26.4 

17 50 

44.0 

2063 

52.8 

2205 

19 

8.8 

1318 

26.4 

1750 

44.0 

2063 

44.0 

2063 

20 

8.8 
1318 

26.4 

1750 

26.4 

1750 

26.4 

1750 

21 

8.8 
1318 

8.8 
1318 

8.8 
1318 

8.8 
1318 

Z(J) 

22,29 

23,28 

24,27 

25,26 

F . Results and Discussion 

The outputs of the computer code are displacements, velocities, 
p ressures , specific internal energies, densit ies, and s t ra ins . Here, the 
displacements and p ressures are given in the form of p ic tures . Figures 4 
and 5 show the time sequence of deformations of the Lagrangian meshes . 
The pressure profiles along the core vert ical centerline [R(I) = 2] and the 
core horizontal axis [Z(j) = 26] at various t imes a re shown in Figs . 6 and 
7, respectively. 

There are two destructive elements in a nuclear excursion: the 
initial shock wave, and the vapor p re s su re . The shock wave t ravels faster 
than the speed of sound, compresses the media it encounters, and imparts 
a velocity to the medium behind the front. After passage of the shock wave, 
the fluid particles move outward at very high speed in the direction of the 
shock wave. As a result, an impulse (often called the fluid momentum) is 
produced on the pr imary reactor-containment s t ruc ture . 

The second destructive element is a quasi-s tat ic p re s su re , as 
opposed to the short-duration pressure produced by the shock wave and 
the fluid momentum. The time needed for this destructive element to be­
come significant would be of the order of 0.1 sec. The numerical method 
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d e s c r i b e d in th i s r e p o r t i s not su i t ed for t h i s type of c a l c u l a t i o n . * T h e r e ­

f o r e , the b a l a n c e of the d i s c u s s i o n is l i m i t e d to shock w a v e s . 

BBiiJMBMBmnrmi—nr uu 
t = 322 u s « 

113-1943 

Fig. 4. Deformaiion of Lagrangian Grids from 0 lo 442 psec after Start 
of a Power Excursion in a "Pancake" Core Configuration 

At Argonne National Laboratory, a new computer code is being developed which will extend the calculation 
to the quasi-static pressure range. 
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Fig. 5. Deformation of Lagrangian Grids from 582 to 810.75 Usi'C after 
Start of a Power Excursion in a •Pancake" Core Configuration 
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T 

DISTANCE FROM BOTTOM CF PRIMARY CAVITY 

113-1945 

Fig. 6. Pressure Profiles along 
Core Vertical Center-
line at Various Times 

xj/* 

DISTANCE FROM CORE VERTICAL CENTERLINE 

113-1946 

Fig. 7. Pressure Profiles along 
• Core Horizontal Axis 

at Various Times 

F i g u r e s 6 and 7 show tha t , a s e x p e c t e d , the m a g n i t u d e of the peak 
p r e s s u r e d e c r e a s e s a s the shock wave p r o p a g a t e s t h r o u g h the c o r e into 
the s u r r o u n d i n g m e d i a . The c o m p r e s s i v e effect of the shock wave is e v i ­
dent f r o m the i n c r e a s e of the p r e s s u r e pu l s e in the s t e e l v e s s e l . In F i g . 6, 
the p r e s s u r e p u l s e in the s t e e l v e s s e l r e a c h e s i t s m a x i m u m va lue at 
t = 502 / i s e c . H o w e v e r , a s soon a s the c o m p r e s s i v e wave r e a c h e s the 
s t e e l - a r g o n i n t e r f a c e (t = 722 fjsec), a r a r e f a c t i o n wave is r e f l e c t e d b a c k 
into the s t e e l , wi th a c o n s e q u e n t l a r g e r e d u c t i o n of the peak p r e s s u r e in the 
s h o c k w a v e . F i g u r e s 6 and 7 a l s o show tha t a s m a l l c o m p r e s s i v e wave i s 
t r a n s m i t t e d to the a r g o n - g a s b l a n k e t . 

The effect of fluid m o m e n t u n n is shown in F i g . 6. Mot ion of the 
fluid p a r t i c l e s due to the p a s s a g e of the s h o c k wave c a u s e s the r e a c t o r 
v e s s e l to d e f o r m and the a r g o n g a s to d e c r e a s e in v o l u m e . Th i s a c t i o n 
c o n t i n u e s un t i l the g a s p r e s s u r e h a s i n c r e a s e d to a point s u c h tha t the 
d i r e c t i o n of the fluid p a r t i c l e s i s r e v e r s e d . F i g u r e 6 shows tha t the p r e s ­
s u r e in the a r g o n gas h a s i n c r e a s e d c o n s i d e r a b l y at t = 810.75 ^ s e c . 



The compu ta t ion was t e r m i n a t e d at t = 811.28 ^usec, when the f o r c e 
ac t ing on the plug e x c e e d e d the s t r e n g t h of the plug holddown d e v i c e . At tha t 
t i m e , the m a x i m u m t ens i l e s t r a i n in the r e a c t o r v e s s e l was about 0 .0084 . 

To d e t e r m i n e the m a x i m u m p r e s s u r e and fo rce tha t can be p r o ­
duced in the e x c u r s i o n , the computa t ion was cont inued by a s s u m i n g that the 
plug can be r ig id ly s e c u r e d to the p l a t f o r m . F i g u r e 8 shows the o s c i l l a t i n g 
n a t u r e of the p r e s s u r e at a t yp ica l m e s h zone u n d e r n e a t h the plug f r o m 
t = 811.28 to 1350 / i s ec . T h e r e a r e s e v e r a l p e a k s , a m a x i m u m peak of 
33.3 kb o c c u r r i n g at t = 892 psec. At e a c h peak , the d i r e c t i o n of the fluid 
mo t ion is r e v e r s e d and the p r e s s u r e d e c r e a s e s . H o w e v e r , when the r e ­
v e r s e d fluid co l l ides wi th the oncoming fluid, the d i r e c t i o n of the fluid 
mot ion r e v e r s e s aga in , and t h i s , in t u r n , c a u s e s the p r e s s u r e to r i s e aga in . 
This pu l sa t ion of p r e s s u r e con t inues u n t i l a q u a s i - s t a t i c s t a t e i s r e a c h e d . 

Fig. 8 
Pressure-Time Curve 
at Mesh Zone (2.49) 

TIME. ^sec 

Figure 9 shows the total force acting on the rotating plug as a func­
tion of time. This force is also oscillating, the maximum being about 
6.44 X 10 dynes. The impulse acting on the plug is given by 

I = F(t) dt. 

Fig. 9 
Total Force Acting on 
the Rotating Plug as a 
Function of Time 

113-1941 

If the plug holddown dev ice is d e s i g n e d to r e s t r i c t plug m o v e m e n t 
dur ing the e x c u r s i o n , it m u s t be s t r o n g enough to r e s i s t th is i m p u l s e . 
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APPENDIX A 

Momentum Equations for Solid Materials 
Having Tensile Strength 

At high p r e s s u r e s , the mechanical proper t ies of the solid mater ia l 
can be described by using a compressible-fluid model. Thus, during the 
shock compression, the momentum equation that was developed for fluids 
can be used for solids too. However, as the mater ia l recovers from the 
shock loading, or the mater ia l is under tension, the tensile strength of the 
mate r ia l becomes important. This is par t icular ly true in the case of a 
cylindrical shell, where the radial movement of the shell produces menn-
brane forces and where the tensile strength of the mater ia l is the most 
important mechanism for stopping the motion of the shell. Thus, for r e ­
actor vesse l s , the effects of the tensile strength of the vessel mater ia l on 
vessel motion must be included in the formulation of the momentum 
equations. 

The reactor vesse ls considered in this report must be concentric 
right c i rcular cyl inders . Like the other nnedia, the vessel wall is divided 
into zones by grid l ines. The tensile strength of the vessel is assumed to 
be concentrated at one of the grid lines that divide the vessel wall into 
zones. If the vesse l thickness is relatively small compared to other dimen­
sions, it may be represented by a single line; i.e., steel is assumed to be 
concentrated at this line. In this case, the shock-wave propagation in the 
vessel is ignored; therefore deformations of the vessel in the direction of 
the wall thickness will not be calculated. For both cases , the momentum 
equations in finite-difference form are as follows: 

* 
1. Cylindrical Shell 

Let the I line in Fig. 2 be the middle plane line of the cylindrical 
shell. Also, assume that the tensile strength of the vessel is concentrated 
there. The accelerat ion in z direction is given by Eq. 35; i .e. , 

- ( P l - l , J - ^LJ- l^f^LJ + l - "^LJ-l +''I+1,J - "^1-1,1^^ • ^^-'^ 

where 

(Ap)j_j = Aj^ jP j^ j+Aj_ i^ jP j_ j_ j+Aj . i_ j . iP j . i _ j . ,+Aj_ j . iP j_ j . i . 

If a single-l ine vesse l is used, the mass of the vesse l must be included in 
the t e r m (Ap)j y. The accelerat ion in the r direction is given by 
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I,J [ ( P i - 1 J - 1 \ j ) ( ^ I , J + l - ^ I , J - l + ^ I - l , j " ^ I + l . j ' 
(AP)I,J 

- ( P l , J - l - P l - l , j ) ( ^ I , J + l - ^ I , J - 1 +^I+1 ,J " ^ I - l . J^^ 

hi 
4A 0 

' l , J 

a(e) 
(A.2) 

w h e r e 

^' = i { [ ( ^ i , j + i - ^ L j ' ' + ^ ' ^ i , J + i ' ' ^ i , j ' ' ^ ' ^ ^ ^ ' i . j " i . J - i ^ ' 

^ ( • ^ L J - ^ L J - l ) ' ] ' } ' 

hi = t h i cknes s of the c y l i n d r i c a l she l l , 

0 

^I ,J 
e = s t r a i n 

' I , J 
0 

' l , J 

and 

a(e) = s t r e s s obtained f rom e i t he r the a c t u a l s t r e s s - s t r a i n c u r v e 
or the p o w e r - or l i n e a r - s t r a i n h a r d e n i n g a p p r o x i m a t i o n s . 

In Eq. A.2, the f i r s t b r a c k e t e d t e r m is the a c c e l e r a t i o n due to p r e s ­
s u r e g r ad i en t , and the second b r a c k e t e d t e r m is the d e c e l e r a t i o n due to the 
m e m b r a n e s t r eng th of the v e s s e l . Again, if a s i n g l e - l i n e v e s s e l is used , 
the m a s s of the v e s s e l m u s t be inc luded in the t e r m (Ap)2 j . 

2. Bot tom P la t e 

Let the J l ine in F ig . 2 be the m i d d l e p lane l ine of the b o t t o m p l a t e . 
Also , a s s u m e that the m e m b r a n e s t r e n g t h of the p l a t e is c o n c e n t r a t e d 
t h e r e . The a c c e l e r a t i o n in the r d i r e c t i o n is g iven by Eq. 35; i . e . . 

• 1 

' I . J - l (P l)(^ (Ap) ^ ^ M , J " M - l , J - l ' ^ n , J + l - ^ I , J - 1 + ^ I - 1 , J - ^I+1,J^ 

• ' ^ I - l , j " ^ I , J - l ^ ( ^ I , J + l - ^ I , J - l + ^ I + l , J - ^ I - l , j ' ] - ( ^ - 3 ' 
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The accelerat ion in the z direction is given by 

1 
I,J " ( A p ) ^ ^ ' ^ I , J " ^ I - l , J - l * ^ ' ' l , J + l " ' ' l , J - l " ^ ' ' l - l . J " ' ' l + l , J ^ 

- ( P l - l , J - P l , J - l ) ( ' - I , J + l - r i , j . i + ' - I+ l , J - ' - i - l , j ) ] 

4 4h2 

(•^Ph.i UAR)'= 

(A.4) 

where 

+ (= '? - l , J -^ I - l , j ) J ° r r ^ 2 ( A R b j j ^ ^ ^ ° + ' , j " l + l . j ) 

" ' ^ i - i , j - " i - i , j ) ] ° e e | ' * 

^^ = H t ( ^ ' u i . j - ^ i , j ) ^ + ( ^ u i , j - ' - i , j ) ^ ] ' 

+ [ K J - ^ I - I , J ) ' + ( ' - I . J - ' - I - I , J ) ' ] ^} . 

hj = thickness of the plate, 

^ ^ = ^ l ' " l + l , J - ' " l - l . j l ' 

O = radial s t r e s s , 

Oaq - tangential s t r e s s . 

Again, the mass of the bottom plate must be included in the te rm (Ap), j , 
if the vesse l is represented by a single line. 

The s t r e s s e s 0^.^. and o gg are computed from 

and 

1 - V 
^i^rr+vean) 

and 

"ee ^ I - v' (̂ ee + ^^^rr) 

(A.5) 

The two terms in the bracket are —^ o and i — Oo 
dr2 " r dr 8 
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•where 

E = m o d u l u s of e l a s t i c i t y . 

P o i s s o n ' s r a t i o . 

du ^ 1 
r a d i a l s t r a i n = -—+ — 

dr 2 
w*m' 

and 

)Q = t angen t i a l s t r a i n - —, 

a = r a d i a l d i s p l a c e m e n t . 

W = ax ia l d i s p l a c e m e n t = z - Zj j . 

The r a d i a l d i s p l a c e m e n t of the p la te is a s s u m e d to have the f o r m 

a- r ( b - r ) l l . l 8 5 4 - l - ^ 5 r 4 
^ b ' b* 

(A.6) 

w h e r e 

and 

b = r a d i u s of the p l a t e . 

WQ = ax ia l d i s p l a c e m e n t at the c e n t e r of the p l a t e . 

Equa t ion A.5 a s s u m e s that the m a t e r i a l b e h a v e s e l a s t i c a l l y . If the 
p la te is s t r e s s e d beyond the e l a s t i c l imi t , we assunne that the M i s e s y ie ld 
c r i t e r i o n a p p l i e s . T h e r e f o r e , 

( O r r - O r r O g e + ^ e e ^ ^ = a ( e ) . (A. 7) 

w h e r e a (e ) i s the yie ld s t r e s s in t en s ion , a funct ion of the ef fec t ive s t r a i n 
e . The value of o(e) can be ob ta ined f r o m the a c t u a l s t r e s s - s t r a i n c u r v e or 
f rom the p o w e r - or l i n e a r - s t r a i n h a r d e n i n g a p p r o x i m a t i o n s . The effect ive 
s t r a i n e for a M i s e s m a t e r i a l is g iven by 

( 3 ) 2 
(A. 8) 
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If the value of 
i 

("rr-^rr^ee+^ee' ' 

is grea ter than o(e), the s t r e s s e s computed fronn Eq. A.5 must be adjusted 
according to 

Ac) 
o,,(adj) = " r r r r - , z a 

r r r r 

and 

o„„(adj) = an o(c) 

Kr-^rr%e^'ee^~' 

(A.9) 
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APPENDIX B 

Equation of State for a Group of Mixed Materials 

As stated on p. 11, solution of the four hydrodynamic equations r e ­
quires an equation of state of the form given by Eq. 18. Thus, analysis of 
the hydrodynamic response of a pr imary reactor-containment s t ructure to 
high-energy excursions requires knowledge of the equations of state of the 
reactor mater ia l s . 

In the numerical solution, the media under consideration are divided 
into meshes . For media like sodium, steel, and argon, this presents no 
problem, because there is only one mater ia l . Also, when divided, each mesh 
contains only one mater ial . Experimental Hugoniot data for individual ma­
ter ia ls are available in the l i terature . They can be found, for example, in 
Ref. 6. (Note: Although the referenced experiments were performed under 
conditions different from a reactor environment, the resul ts can be readily 
modified for use in excursion calculations.) 

In contrast, division of media like the core blanket and plenum into 
meshes presents a problem because these media comprise several materials . 
Also, the meshes usually are not sufficiently fine to confine one mater ia l to 
each mesh zone. Consequently, a Hugoniot curve is needed that will de­
scribe the pressure-volume relations for a mixture of ma te r i a l s . Unfor­
tunately, none of the existing experimental data are available for such 
mixtures; therefore it is necessary to develop a method of constructing a 
Hugoniot curve from available Hugoniot data for individual ma te r i a l s . 

The method used in the present analysis is s imilar to that employed 
by Goranson et al. in determining the dynamic compressibi l i ty of metals . 
The basic assumptions are: (1) All components of the mixture within a 
mesh zone are under the same pressure pj^ and at the same temperature; 
and (2) all components remain intact under p r e s su re . 

1, Mixtures Containing Liquids and Solids 

It is relatively easy to construct an equation of state for a mixture 
of several liquids and solids, because the Mie-Griineisen type of equation 
of state is applicable to both liquids and solids. 

For example, consider a mixture that has n components. The initial 
volume is 

n 

'̂ 0 = Z '̂ oi- * (B.l) 
i=i 
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where V^j is the initial volunne of the individual component. For a specific 
value of pj_j, the total volume of the mixture becomes 

1=1 i=i " i = i ^ " ' P H 

where Vi is the volume, and (Vi/VQj)pj, is the relative specific volume of 
the individual component. The value of Vi/Vji is determined directly from 
the Hugoniot curve for the individual element. 

Next, the relative compression of mixture is obtained from 
Eqs. B.l and B.2: 

V V f ^ A ^°i / ,1 577= Z — — > (B.3) 
^0 i = , \ ^ o i / p ^ *o 

where V/Vo is the relative volume of the mixture at p r e s su re pj^, and 
VQi/Vo is the volume fraction of the ith component. A plot of pj_j versus 
(V/Vo)p as determined by Eq. B.3 yields the Hugoniot curve of the mixture 
of n components. 

2. Mixtures Containing Gases , Liquids, and Solids 

In mi.xtures containing gases , liquids, and solids, the process of 
shock compression is more complicated than in mixtures containing liquids 
and solids. As a first approximation, the gases can be treated as internal 
voids; i .e. , the mixture is considered a porous nnaterial. Therefore, at the 
beginning of the shock compression, the work of the external p r e s su re is 
used in closing up the voids, in packing the nnaterial and reducing it to a 
standard volume, i.e., a volume that contains no internal voids. The work 
of the e.xternal p r e s s u r e in compressing the gases is neglected. (For p r ac ­
tical purposes, this work is small and can be taken equal to zero.) 

For example, let VQ be the standard specific volume of the mixture, 
and Voo the specific volunne of the porous nnixture. Then construct a ppj 
(V,Vo) curve for the continuous mixture (i.e., a mixture with no internal 
voids), using the method outlined in Section 1 above. Next, with the assump­
tion that the Mie-Gruneisen ' s coefficient 7 is a function of volume, the 
Hugoniot curve of the porous mixture can be approximated by 

PH(V,VOO) = PH(V,VO) + ^ [E(V,Voo) - E(V,Vo)], (B.4) 
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where 

E(V,Voo) = 5PH(V,VOO)(VOO-V) 

and (B.5) 

E(V,VO) = | P H ( V , V O ) ( V O - V ) 

are the internal energy of the porous and continuous mixture, respectively. 

Finally, substitute Eqs. B.5 into Eq. B.4 and simplify to obtain 

PH(V,VOO) 
1 + 

1 +-
•K - 1 

PH(V,VO), ( B . 6 ) 

where 

K i + i. 
7 

Thus, the Hugoniot plot of a mixture is represented by a straight line on 
the axis V from VQO to VQ, and then a curve fronn VQ to V according to 
Eq. B.6. 
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FORTRAN Program Listing 
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r MiiN ppor.RiM 
C J.GVIL0YS-2/27/6e 
C Twn-niMFNSIONAL PFACTQR ACCIOFNT 

IMPLICIT BFAL*«(A-H,n-7.I 
COMMON IQI B(55001,Z(5S00IiROOTl 

l,MZFPO(55 001.FI 55001,P(5500),RHO 
2,KTY(5500),KMXt55on),S5R(55 00),5 
rOMMON IMAX,JMAX, IMAXl,JM;X1,I MA 

lIw,Jw,IST^p,Ioo,JOO,IDH,JD^',KPl, 
2 K P L l , K O L 2 , K f l l l , K H 1 2 , K P 3 1 , K B 3 2 , N P 
3 , K B 2 1 , K B 2 2 , f l l , M 1 7 , M 2 1 , M 2 2 , M 3 l , M 
' > , M I { 1 0 ) , M J ( 1 0 ) , M T H ( l O ) , M T V ( i n ) 

CHMMON I I U I O ) , 1 1 2 ( 1 0 ) , 1 2 1 ( 1 0 1 , I 
1 J 2 2 ( 1 0 I , I 1 X , I 2 X , J I X , J 2 X , K K ( 1 2 0 I 

COMMON / A / O F L T , D f L T O , T I M F , n i S T , 
I ,P0 ( 20) , F 0 ( 2 0 ) ,r,ri( 20) , C 0 ( 2 0 ) ,AA( 
2 C C K ( 2 0 ) , r P L G ( 2 0 ) , C R H n ( 2 0 ) , C F ( 2 0 ) 
3 C x n ( 5 0 ) , C V ( 5 0 ) , C V D ( 5 0 ) , C X 1 , C X 2 , C 
4,TMI=( 100n l ,PLr ,F ( 10001 ,YMX,YMS,YMi 
5PHOl ,RHa2,PHP3,ZFRMl ,ZFRM2, ;ERM3 
* , T H H ( 1 0 ) , T H V ( 1 0 ) , X H E ( 1 0 I , X R H O ( 1 0 
7,XnBT 

PEAL" . SS iJ .SSZ .SST .VPtPO.ZO.SCR 
RFAf*'V TM<-,PLGF , P R S . T I T L E , T I N 
INTFr,CR*2 KTX,KTY,KMX 

C FORMATS FOR MAIN PROGRAM 
FORMATI IBA'f) 
F0RMAT(5I'), 3F17.0I 
FnRMAT(6Fl2.0) 
FORMAT(12I6I 
'=OBMAT( IH1,20X, IPAA) 
F0BMAT(1H0,* NO OF R ZONES =• 
• INITIAL n-TIME =',F15.7I 
FORMATIIHO,' LIMITING CONSTANTS' 
• MAX TIME =',tl5.7,' MAX DI5T0R 
• MAX n-TIME =',F15.7) 
FORMAT!IHO," OUTPUT PARAMETERS') 
FORMAT! IHO,' DETAILF" FULL ACXUR 
' CYCLE UNTIL',16,' PRINTOUT') 
FOOMATdHO,' LIMITED ACCURACY nl 
',13,' CYCLE') 

FnpMATIlHO," PICTURE DISPLAY EVE 
FORMATIIHO,' INITIAL WMAX=',E15. 
FORMAT!IMO,' CHANGEP WMAX=',E15. 
FORMATdHO,' AT CYCLE',15,' TIME 
' DISTORT^',F15.7.' AT ZONE ',21 
FORMAT!////,' HYOROOYNAMICS EP 
FORMATIIHO,' CALCULATED WMAX=',E 
FnRMAT(lW0,' ADJUSTER HMAX=',F 
FORMAT!IHO,' STOP WMAX GREATER 
FORMAT(lHl,5HCyCLF,5X,*HTIME,7X, 
213,5( 'iX,2I3) ) 
FORMAT!I6,2E14.6,*X,6FI*.6) 
DO 20 1=1,5500 
R(I )^0. 
Z!I)=0. 
RCOT!I)=0. 
ZDnT(I)=0. 
POII)=0. 
ZO!I)=0. 
MZERO!I)=0. 
E( I)=0. 

ANALYSIS 

55001,7DOT(5«00),Pn(5500),ZO(55O0) 
15500),VP(5 500),SC!5500),KTX!5500) 
SZ15500),S5T!5500) 
X2,JMAX2,IMAX3,JMAX3,NCYCL, 
KB2,KR3,KPP,KPPl,KPP2,KPPX,KPPC, 
P,NCL,KXP!20),KYP(20),KXYPIIOOO) 
32,KNX!10),lOUT 
T';!10),MTX(IOOO),MTP(1000),KNP(10) 
22(10),Jll(10),J12(10),J21(10), 

WMAX,TITLF(20),PP(20,50),VV(20,50) 
?0),BB!20),CC(20),VO!20),rCP(20), 
,CP(20),CW»!20),CWN(20),CX(50), 
X3,PMASS,FZEPO,EB,PLUG,PBS(6,1000) 
iN,CRPl,CRP2,CRP3,CREl,CRF2,CRE3, 
,XYP(10),XEIJ(10),TKF,TIE,TM,YMXO 
),XPR(10),XSS(10,50),XSR(10,50) 

DOT,ZDOT,MZERO 

500 
502 
503 
50* 
505 

5oa 

510 

512 
5 H 

1 
516 

518 
520 
522 
52* 

I 
526 
528 
530 
532 
53* 

1 
536 

3,' NO OF Z ZONES =•,13, 

/IHO,' MAX CYCLES =',15. 
TION =',E15.7, 

ACY PRINTOUT EVERY '.13, 

SPLAY PRINTOUT OF 20 RESULTS EVERY 

RY ' ,13, ' CYCLE') 

7,' D-TIME=.',E15.7) 
7,' D-TIME'',E15.7) 
=*,E15.7,' 0-TIHE=',E15,7, 
*,/• MMAX=',E15.7,' AT ZONE',21*) 
ROR STOP') 
15.7,' D-TIME=',E15.7) 
15.7,' D-TIME-',E15.7) 
THAN 0.1*') 
lOHPLUG FORCE,2X,I2HPRES5URE AT , 

0001 
0002 
0003 
000* 
0005 
0006 
0007 
0008 
0000 
0010 
OOll 
0012 
0013 
001* 
0015 
0016 
0017 
0018 
OOl"* 
0020 
0021 
0022 
0023 
002* 
0025 
0026 
0027 
0028 
002'> 
0030 
0031 
0032 
0033 
003* 
0035 
0036 
0037 
0038 
0039 
00*0 
00*1 
00*2 
00*3 
00** 
00*5 
00*6 
00*7 
00*8 
00*9 
0050 
0051 
0052 
0053 
005* 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 



0063 
P i n = o . 006* 
RHQ!I)=0. 
VP(I ) = 0. 
SC( I)=0. 

SST(I 1 = 0. 

DO 2'- 1 = 1,10 

MTH(I)=0 

0065 
0066 
0067 

SSRin=0. 0068 

S57(I)=0. 0069 
0070 

KTX!1)=0 0071 
KTY!I 1=0 0072 
KMX(I)=0 0073 
CONTINUF 

0075 
MI(11=0 0076 
MJ( I ) = 0 0077 

0078 
MTV(I)=0 0079 

0080 
OOBl 
0082 
0083 
008* 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
009* 
0095 
0096 
0097 
0098 

MTC(I)=0 
KMX(I)=0 
KNP!I)=0 
THH!I)=0. 
THV!I)=0. 
XME!I)=0. 
XPP!1)=0. 
XRHO!I)=0. 
nn 2' J=l,50 
XSSI I,J) = 0. 
XSB(I,J)=0. 

24 CDNTIMUE 
DO 25 1=1,20 
Pn( I 1 = 0. 
E0(I 1 = 0. 
GO!I)=0. 
cni 11=0. 
At( I 1=0. 
BP!I)=0. 
CC(1)=0. .„„„ 
VO!I)=0. """' 
ccP(ir=o. 010" 
C'"K(I)=0. "l"' 
CPLG!n=0.0 "lo^ 
cws!n=o. "i"' 
cwN(n=o. 010* 
KXP(n=n 0105 
KYP(1)=0 0106 
DO 25 J=l,50 0107 
PP|I,J)=0. 0108 
VV(I,J)=0. 0109 

25 COMTINDF OllO 
no 26 J=l,50 Olll 
CX(J)=0. 0112 
CV(J)=0. 0113 
CXO!J)=0. Oil* 
CVD(J)=0. 0115 

26 CONTINUF 0116 
DO 27 1=1,1000 0117 
MTX(I)=0 0118 
MTplI)=o 0119 
KXYPI 1 )=0 0120 
TME!I)=0. 0121 
PLGF!I)=0. 0122 
DO 27 J=l,6 0123 
PBSIJ,I)=0. 012* 

27 CONTINUF 0125 
BFAP 500,ITITLF!I),I=1,IS) 0126 
INITIAL '"ONC IGUPATION 0127 
BCA" 502,IMAX,JMAX,KBl,KB2,KB3,TIME,DELT,DELTM 0128 
LIMITING CRIT'^RIA CONSTANTS 0129 
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RfAP 503 ,CYCLM,TMAX,D ISTM,DEI ,0E2 0130 
Tiri = TIME 0 1 3 1 
I F ! C Y C L M ) 5 0 , * 0 , 6 0 0 1 3 2 

'0 CYCLM=10000. 0133 
60 IF!TMAX)100,80,100 013* 
eo TMAX^IOOOO. 0135 

100 IFIOISTM)120,110,120 0136 
110 DI5TM=10000. 0137 

OUTPUT CONSTANTS 0138 
120 READ 50t,lOUA,INUMBA,IOUB,lOUC,lOUT 0139 

J'30=IOUB 01*0 
MCYCL=CYCLM 01*1 
CX1=1. 01*2 
CX2=1. 01*3 
CX3=1. 01** 
IF(KB1.FQ.O)GO TO 122 01*5 
CX1=-1. 01*6 

122 IF(KB2.E0.O)GO TO 12* ' 01*7 
rx2=-l. 01*8 

12^ I'=!KP3.EO.OIGO TO 126 01*9 
CX3=-1. 0150 

126 CONTINUE 0151 
IFIDEl.NE.O.OIGO TO 128 0152 
DE1=0.001 0153 
nE2=0.005 015* 

128 CONTINUF 0155 
PRINT 506,ITITLF(I) .1 = 1.18) 0156 
PRINT 50B, IMAX,JMAX,DELT 0157 
PRINT 510,MCYCL,TMAX,DI STM,OELTM 0158 
PPINT 5 1 2 0 1 5 9 
IFI l O U A ) 1 * 0 , 1 * 0 , 1 3 0 0 1 6 0 

130 PRINT 514 , lOUA,INUMBA 0 1 6 1 
INUMBA=INUMBA-1 0 1 6 2 

I ' O I F ! I O U B ) 1 6 0 , 1 6 0 , 1 5 0 0 1 6 3 
1 5 0 PRINT 5 1 6 , I O U B 0 1 6 * 
1 6 0 IF( I 0 U C ) H 0 , 1 B 0 , 1 7 0 0 1 6 5 
1 7 0 PRINT 5 1 6 , 1 0 1 1 0 0 1 6 6 
1 8 0 CONT IMUE 0 1 6 7 

IMAXl=IMAXtl 0 1 6 8 
I"AX2=IMAX*2 0 1 5 9 
IMAX3=IMAX*3 • 0 1 7 0 
JMAXUJMAX+1 0 1 7 1 
JMAX2=JMAX»2 0172 
JMAX3=JMAX*3 0173 
I P 1 = 2 0 1 ^ * 
I P 2 = 2 6 0 1 7 5 
IX=IMAX / 2 5 0 1 7 6 
I F I I X ) 1 P 6 , 1 6 5 , 1 8 2 0 1 7 7 

1P2 0 0 IB* 1 = 1 , I X 

1 1 2 ! I ) = I P 2 
1211 I ) = IP 1 

IPA. CONTINUE 

IPB I 1 X = I X » 1 

0 1 7 8 
I 1 1 I I ) = I P 1 0 1 7 9 

0 1 8 0 
0 1 8 1 

I22II)=IP2 0182 
IP1=IP1*25 0183 
IP2=IP2+25 018* 

0 1 8 5 

1B6 IXX=IMAX - I X * 2 5 0 1 8 5 
I F ! I X X ) 1 ^ 0 , 1 9 0 , 1 8 8 0 1 8 7 

0188 

I2X=I1X 0189 

I11II1X)=IP1 0190 
112!I1X)=1MAXI 0191 
I21( I2X) = I'>1 0192 
I22(I2X)=IMAX2 0193 
GO TO 1=2 019* 

190 I1X=IX 0195 
I2X=IX*1 0196 
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0197 
0198 
0199 
0200 
0201 
0202 
0203 
020* 
0205 
0206 
0207 
0208 
0209 
0210 

021* 
0215 

I 2 1 ( I 2 X ) = I P 1 
I 2 2 ( I 2 X ) = I M A X 2 

192 JP1=2 
JP2=51 
JX=JMAX / 5 0 
I F I J X ) 1 9 P , 1 ? 8 , 1 9 * 

l<fi pn iQfc 1 = 1,JX 
J I K I )=JP1 
J 1 2 ! n = J P 2 
J 2 1 I I )=JP1 
J 2 2 I 1 ) = J P 2 
J P l = J P l + 5 0 
JP2=JP2+50 

195 CONTINUE 
198 JXX=JMAX - J X * 5 0 0211 

I C ( J X X ) 2 0 2 , 2 0 2 , 2 0 0 0212 
200 J1X=JX*1 °l]} 

J2X=J1X 
J I K J1X) = JP1 
J12(J1X)=JMAX1 0216 
J 2 1 ( J 2 X ) = J P l 0217 
J22(J2X)=JMAX2 0218 
GO TO 20* 0219 

202 J1X=JX 0220 
J2X=JX+1 0221 
J21!J2X)=JP1 0222 
J22!J2X)=JMAX2 0223 

204 CONTINUF 022* 
00 20e 1=1,120 0225 
KK!I)=I 0226 

206 CONTINUF 0227 
NrL=0 0228 
ITIMS=0 OZZ' 
ISTOP=0 0230 
NCYCL=0 0231 
100=0 0232 
LAST=-1 0233 
!>=! I0UT-1)215,215,210 023* 

210 CALL OTAPF !R,Z.ROOT,ZDOT,MZERO,P,VP,E.RHO,RO,ZO,SC,SS«,SSZ,SST, 0235 
1KTX,KTY,KMX) 0236 
TIN=TIME 0237 
GO TO 470 0238 

215 CONTINUE 0239 
CALL HYDRO I IB,Z,ROOT,ZPOT,MZERO,P,VP,E,RHO.RO,ZO,SC.SSR.SSZ.SST, 02*0 
IKTX.KTY.KMX) 02*1 
IF(lOUC.EO.OIGO TO 220 02*2 
CALL PICT!R,7,P.LAST) 02*3 

220 INr,':XA=l 02** 
IF ! I011A)2*0,240.550 02*5 

240 Iîl IOUR)250,2fO,700 02*6 
260 PRINT 520,WMAX,DELT 02*7 
280 IF(WMAX.LT.0.I4)G0 TO 300 02*8 

nFLT=0.5*0ELT 02*9 
WMAX=0.2f«WMAX 0250 
PRINT 522,WMAX,DELT 0251 
GO TO 280 0252 

300 IF(WMAX.GT.O.035)GO TO 350 0253 
IF(DFLT.GT.0.5*0ELTM)G0 TO 350 025* 
nFLT=2.0»OELT 0255 
WMAX=4,n*WMAX 0256 
PRINT 522,WMAX,DELT 0257 
GO TO 300 0258 

350 CALL HYDPOK P, Z ,ROOT,ZDOT,MZERO,P,VP,E.RHO,RO.ZO.SCSSR, SSZ.SST. 0259 
IKTX.KTY.KMX) 0260 
CeLL HyCB02(B,Z,PDOT,ZDOT,MZERO,P.VP.E,RHO,RO,ZO,SC,SSR,SSZ,SST, 0261 
1KTX,KTY,KMX) 0252 
IF!DABS!FZER0-EB)/EZER0.LT.DE1)G0 TO 350 0263 
I0UA=1 026* 
INUMRA=MCYCL 0265 
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0266 
026T 
026S 

I F ! n A B 5 ( E Z F R 0 - F B ) / E Z E R 0 . G T . C E 2 ) I S T 0 P = 1 
360 CONTINUE 

NCYCL=NCYCL*1 
PRINT 524 ,NCYCL,T IME,DELT ,C IST , IDM.JOM,WMAX, IW,JW 0269 
I F I I S T n p . E O . O I G O TC 370 0 2 7 0 
GO TO 4 5 0 0271 

370 INDFXA=2 0272 
I F ( i n u A . E O . O I G O TO 375 0273 
I F ( M O 0 | N C Y C L , I O U A ) . N F . 0 ) G 0 TO 375 0 2 7 * 
I F I I T I M A . L E . I N U M B A I G O TO 3 f 0 0275 

375 CONTINUE 0276 
1NCFX==0 0277 
GO TO 3?0 0278 

380 I T I M A = I T I M t t i g^y^ 
INr )FXf l= l 02g0 
00 TO 6^0 0281 

390 I F ! I O U B . F O . O I G O TO 400 0282 
IF IMI IOINCYCL, IOUB).EO.OIGO TO 700 0283 

too IF!louC.EQ.OIGO TO t05 028* 
IFIMOPINCYCL , lOUO.EO.O) 0285 

ICALL P I C T ! R , Z , P , L A S T ) 0 2 8 6 
405 C"NTINIJF 0287 
410 I F ! N C Y r L - M C Y C L ) 4 2 0 , * 5 0 , * 5 0 0288 
420 IFITIME - TMAX)*30,*50,*50 0289 
*30 IFIPIST - IDISTM)<70,450,*50 0290 
*50 LAST=1 0291 

IFIIOUB.EO.OIGO TO *55 0292 
IN0EXA=3 0293 
GO TO 700 029* 

*55 CONTINUE 0295 
IFIinuC.NE.O) 0295 

ICALL PICT!R,Z,P,LASTI 0297 
IF! INDFXP.EO.DGO TO 750 0298 
I'=l lOUA.EO.OIGO TO 750 0299 
INnEXA=3 0300 
GO TO 650 0301 

*70 CONTINUE 0302 
*75 IFIWMiX.GT.20.0)G0 TO *90 0303 

IF IWMAX.LT.0.1*)G0 TO 480 030* 
0FLT=0.5*nELT 0305 
WMAX=0.25*WMAX • 0306 
PRINT 530,WMAX,DELT 0307 
GO TO i-T-. 0 308 

480 IFIWMAX.GT.0.035IG0 TO 350 0309 
IF|PFLT.GT.!0.5*0FLTM))G0 TO 350 0310 
DELT = 2.0'»0FLT 0311 
WMAX=*.0*WMAX 0312 
POINT 530,WMAX,DELT 0313 
GO TO 480 031* 

490 PRINT 532 0315 
GO TO 450 0316 

650 CONTINUF 0317 
CALL PR I NTF I R , Z ,RDOT , Z DOT , MZERO, P , VP ,E , RHO, RO, ZO.SCSSR.SSZ.SST, 0318 
1KTX,KTY,KMX) 0319 
GO TO 12*0,390,750).INDEXA 0320 

700 CONTINUE 0321 
CALL PRINTLIR,Z,RDOT,ZDOT,MZE«n,P,VP,E,RHO,RO.ZO.SC.SSR.SSZ.SST, 0 322 
1KTX,KTY,KMX) 0323 
GO TO 1260,400.455).INDEXA 0324 

750 CONTINUF 0325 
IFINPP.LE.OIGO TO 777 0326 
PRINT 534.IKXPILI.KVPIL).L=1.NPPI 0327 
no 776 1=1.NCL 0328 
PRINT 536.KXYPI D.TMFI I ),PLGFII ),IPRSIL,I l,L = l,NPP) 0329 

776 CONTINUE 0330 
GO TO 779 0331 

777 CONTINUE 0332 
IFIKPLl.LF.OIGO TO 779 0333 
PRINT 535 0334 



535 FORMAT! 1H1,5HCYCL"=,5X,4HTIME.7X. lOHPLUG •:ORCE) 0335 
DO 77B 1=1,NCL 0336 
PRINT 53fc,KXYPI I I,TMEII).PLGF!I) 0337 

77R CDNTINUF 0338 
779 CONTINUF 0339 

CALL CALCINCL ,NPP,KPLl.KXP,KYP,TME.PLGF,PBS,TITLE,TIN) 0340 
Id l0U"r-l)770,760,770 03*1 

750 CALL OTtPF IR,Z,ROOT,7 DOT,MZERO,P,VP.E.RHO,RD,ZO,SC,SSR,SSZ.SST, 0342 
1KTX,KTY,KMX) 0343 

770 CONTINUF 03*4 
STOP 03*5 
ENO 03*5 

SUBROUTIN- C4LC!NCL,NPP,KPLl,KXP,KYP,TMF,PLGF,PPS.TITLE.TINI 
DIMENSION KXP120),KYPI20).TMF!IOOO).PLGFI10 00),PRSI6,1000). 
IPATA!1000).TITLE!IP).CXYI1000) 
DIMENSION nil 2) ,II2I3).U3!5) .U4I5) .1)514) ,U7I 2) .U5I2) 
DIM^NSIDN SCTKI10) 
DATA Ul/' TIME '/.U2/'PLUG FORCE'/,U3/'AX IAL DISPLACEMENT'/. 
lU't/'OAOIAL DISPLACEMFNT'/.U5/'AT ZONE • / .U6 / ' AT MESH POINT'/. 
2U7/'PRFSSUOF'/ 

"'Ol FORMAT! 16. I5F12.01 ) 
502 FOBMATI16.7E 15.7) 

It=(NPP.NF.0)G0 TO 15 
READ 501 .KCAL.SCT.SCT l 
PRINT 502.KCAL ,SCT,SCTl 
GO TO IP 

16 CONTINUE 
BEAT 5 0 1 . K C A L , S C T , S C T 1 , I S C T K I K ) , K = 1 , N P P ) 
PRINT «:02, KCAL, SCT, SFTI , ISCTKIK ) ,K=1,NPP) 

IB CONTINUF 
I ^ I K C A L ) 2 0 0 , 2 0 0 , 2 0 

20 CALL P L O T S I P A T A ! 1 ) , ' 0 0 0 , 4 0 ) 
CAIL P L 0 T I 5 , 0 , 0 , - 3 1 
CALL SYMOOLIO.5.0.0.1'.TITLE!1).0.72) 
CALL PLOT! 11.0,0.-3) 
IF!SrT.LF.0.0)SrT=.0001 
X M C X ^ I T W I N C L I - T I N I / S C T 
I ^ I K P L l ) 6 0 , 5 0 , 3 0 

30 CALL A X I S I O , n . U l . - P , X M A X , 0 , T I N , S C T , 1 0 . 0 ) 
CALL SrAL'=!PLGC, 1 0 . 0 , N C L , 1 , 1 0 . 0 ) 
PMIN=PLGFINCL+1I 
PDEL=PLGF !NCL«-2) 
IF IS ' "T l ,N i= .0 .01PD '=L = 5 r T l 
CALL A X I S I O , 0 , 0 2 , 1 0 , 1 0 . 0 , ' ; o . O , P M I N , P P E L , 1 0 . 0 ) 
X = 0 . 
Y=!PLGr ( 1 l - p v i i N i / o n E L 
I F I Y . G 5 . 1 0 . 0 ) Y = 1 0 . 0 
CALL P L n T ( X , Y , 3 ) 
DO 50 1=1,NCL 
X = I T M F ( I ) - T I M ) / S C T 
Y = I P L G F | I I - R M I N I / O O E L 
I F I Y . G " " . 1 0 . 0 I Y = 1 0 . 0 
CALL PL0T!X,Y,2) 

50 CONTINUE 
KNEW=XMAX*2. 
XNEW=KNFW 
C«LL PL0TIXNC'J,0,-3) 
ir(NCR)|Po,1B0,60 * 

60 ('0 I'̂O L=I,NPP 
DO 70 1=1,NCL 
CXYI I) = PRS!l ,1) 

03*7 
03*8 
0349 
0350 
0351 
0352 
0353 
0354 
0355 
0356 
0357 
0353 
0359 
0360 
0351 
0352 
0353 
036* 
0365 
0355 
0367 
0368 
0369 
0370 
0371 
0372 
0373 
037* 
0375 
0376 
0377 
0379 
0379 
0380 
03BI 
03B2 
0383 
0334 
03'>5 
0335 
0387 
0388 
03B9 
0390 
0391 
0392 
0393 
0304 
0395 
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70 CONTINUF 0396 
CALL SCALFICXY,10.0,NCL.1.10.0) 0397 

FM|N=CXYINCL*I) 0398 
FT=L=CXVINCL»2) 0399 
IF! SCTKI L ).N':.0.0IFOFL = SCTKILI 0400 
I=!KXP!L).GT.0)GO TO 60 0401 
CALL SYMooi(0.5.0.0.14,U*,0.0,10) 0402 

75 CALL SYMOOLI0,A.5,0.14,U5,0.0,13) 0403 
KXPL=IAPSIKXPIL)) 040* 
KYPL=IARSIKYP!L)) 0405 
CALL NIIMRCR ( i.(,,A.5,o.l4,FL0«T!KXPL ) ,0.0,-1 ) 0406 
CALL NUMBCR(2.4,A.5,o,14,FLOATIKYPL),0.0,-1) 0407 
00 TO 100 0408 

PO IFIKYPIL).GT.O)00 TO on 0^09 
CALL SYMBOLIO,5.0,0.14,03,0.0,18) 0410 
GO TO -7̂  04,1 

•50 CALL SYMBOL I 0,5.0,0. 14,1)7,0.0,P ) 0*12 
CALL SYMBOL 10,4.5,0.1' ,05,0.0,7) 0413 
CALL NUMBFBll.o,6.5,0.14,FLOATIKXB|L)),0.0,-1) 0414 
CALL NUMBEBI 1.5,4.5,0.14,FLOATIKYP(L)),0.0.-1) 0415 

100 CALL PLOT!3.0.0.0.-3) 0416 
CALL AXISI0,0,Ul,-8,XMAX,0,TIN,SCT,10.0) 0417 
CALL AXIS!0,0,2H ,2,10.0,90.0,FMIN,FDEL,10.01 0418 
X=0. 0419 
Y=ICXYI1I-FMINI/COEL 0420 
IFIY.GE.10.0)Y=10.0 0421 
CALL PL0T!X,Y,3) 0*22 
00 120 1=1,NCL 0423 
X=!TMEII)-TIN)/SCT 0424 
Y=!CXY!I)-FMINI/FDEL 0425 
I''IY.Gl=.10.0)Y=10.0 0426 
CALL PL0TIX,Y,2I 0427 

120 CONTINUF 0428 
KNFW=XMAX*2. 0429 
XNEW=KNEW 0430 
CALL PL0TIXNEW,0,-3) 0431 

150 CONTINUE 0432 
180 CALL PIOTIO,0,999) 0433 
200 CONTINUF 0434 

RETURN 0435 
END » 0436 

SUBROUTINE HYDRO IIR,7,ROOT,ZDOT,MZFRO,P.VP.E.RHO.RO.ZO.SC.SSP.SSZ, 0437 
ISST.KTX.KTY.KMX) 0438 
IMPLICIT RFAL*8IA-H,0-Z) 0439 
DIMENSION RrDI20),ZDn|20) 04*0 
DIMENSION KRl!50).KR2l50).KZl!50).KZ2!5ni,KTMI50).KTll20).KT2l20) 0441 
DIMENSION RII"AX3,JMAX3),ZIIMAX3.JMAX3).RPOTIIMAX3,JMAX3). 0442 

IZnOTIIMAX3.JMAX3I.ROIIMAX3.JMAX3I.ZO!IMAX3.JMAX3).MZEROIIMAX3,JMAX 0443 
23) .FlIMAX3.JMAX3),PIIM4X3.JMAX3).RH0IIMAX3.JMAX3).VP!IMAX3.JMAX3). 0444 
35CIIMAX3.JMAX3).KTXIIMAX3,JMAX3).KTY(IMAX3.JMAX3) 0445 
', .KMxl IMAX3. JMAX3) 0*46 
DIMENSION SSBI I MAX 3 . J M A X 3 ) . S S Z I I M A X 3 , J M A X 3 ) , S S T ! I M A X 3 , J M A X 3 I 0447 
COMMON TMAX.JMAX.IMAX1.JMAXI.IMAX2.JMAX2.IMAX3.JMAX3.NCYCL. 0448 

1IW.JW.ISTOP,IOO,JQO,IPM,JPM,KB1,KB2,K33,KPP.KPP1.KPP2.KPPX.KPPC. 0449 
2 K l ' L I . K P L 2 , K P l l , K R 1 2 , K B 3 1 , K B 3 2 . N P P . N C L . K X P | 2 0 l , K Y R I 2 0 ) , K X Y P I 1 0 0 0 ) 0450 
3 . K" 2 1 . K B 2 2 . M U . M 12 , M21,M22.M31 , M32 , KNX I 1 0 ) , I OUT 0451 
- • > . M I ! 1 0 ) . M J ! 1 0 ) , M T H I 1 0 ) , M T V I 1 0 ) , MTC I 1 0 ) , M T X I 1 0 0 0 ) , M T P I 1 0 0 0 ) , K N P | 1 0 ) 0452 

COMMfiN I I 1 ! 1 0 ) , I 1 2 I 1 0 ) , I 2 1 ! 1 0 ) , I 2 2 I 1 0 ) , J 1 1 I 1 0 ) . J 1 2 I 1 0 ) , J 2 1 ( 1 0 I , 0 4 5 3 
1 J 2 2 I 1 0 ) . I I X . I 2 X , J 1 X , J 2 X , K 0 ! 1 2 0 ) 0454 
COMMON /A/ 0FLT,0FLTO,TIME,PI5T,WMAX,TITLFI20),PPI20,50I,VVI20,50) 0455 

1,00120),EOI?0),GO!20),COI20),AA|20I,BBI20),CCI20),V0I20),CCP|2C), 0456 



2CCKI20I.rPLG!20).rRHOI20I.CF!20).CPI20).CWBI20).CWNI20).CXI50). 0457 
3rxPI'50),CV!'50).CVDI50).CXl .C X2 ,C X3 . PMASS , F 7FRG , FB. PLUG . PPS 16 . 1000 ) 045 B 
•i.TMf! 1000) .PLGF! 1000). YMX , YMS , YMN. C P PI .CRB2,CRP3,CRF1,CRE2,CPF3, 045? 
5RW0 1,RH02.BH03.ZC"Ml.Z = RM2.ZEPM3,XYPI 10),XFUI10),TKE,TIF,TM,YMXO 0450 
6,THH!101,THVIIO).XMEI 10).XRHO!10),XPRI 10).XSSI 10,50).XSR110.50) 0461 
T . x r o T 0 4 6 2 

B'=AL'-'! SSR,SSZ,SST, VP,RO, ZO,SC ,ROOT, ZDOT,M7FR0 0463 
PEAL*<-- TMr - ,PLGF,PBS,T ITLE,T IN 0454 
I N T I ; G ' = ^ » 2 K T X , K T Y , K M X 0465 
DATA P I / 3 . 1 ' 1 5 9 2 6 = 3 5 / 0456 

502 FOBMiTIOF9.0) 0467 
50f; FORMAT! 16) 0468 
t;06 =0PM4TI 1?I6) 0459 
50? FnBM4TI6'=9.0, I 3) 0470 
5 1 0 FORMI\TI?I 3 , 7 ' : P . 0 . 2 I 3) 0 4 7 1 
512 FOFMATI IHO, ' ERROR IN THE INPUT CARDS ' . / ' ZONE I ' 1 3 , ' , ' 1 3 , 0472 

l ' ) - P ANO Z ON CARDS i^F. • , 2 F 0 . 3 , . V . S . EXPECTED ' 2 F 0 . 3 ) 0473 
514 FORMAT! IHO, ' TOTAL ENERGY AT S T A R T = • , F 1 5 . 7 ) 0474 
516 cOB^-IATIPFT.Ol 0475 
•^20 FOCMATI'O MATFBIAL CONSTANTS') 0476 
522 F O P M f T I I H O . I 3 . 6 F 1 5 . 7 . 1 4 ) 0477 
52< FORMAT! 'X,8F 15 .7 ) 0 *78 
526 FnFM4T!1H0.3X,5F15.7) 0479 
528 FORM^TI5I6,F12.0,?I6,F12.0) 0480 
529 F0PMAT!2I5,TF15.7,2I3) 0*81 
53^ FOPMATIIHO,' PLUG CONSTANTS ',/5I 5,F15.7,/18X,216,Fl5.7) 0482 

"12=2.'PI 0483 
C PFAC B AN? 7 COOPDINATES 0*8* 

READ 502,IP!1.2),I=2,IMAX2) 0485 
READ 502,17!2.J).J=2.JMAX2) 0*85 
DO 100 J=2,JMAX2 0*87 
no 100 I=2,IMAX2 0488 
" I I ,J)=RI 1,2) . 0489 
71 I . J)=7I2.J ) 0490 

100 CONTINUF 0491 
RCAD 50'".NSEC 0492 
PRINT ^04.NSEC 0*93 

C NSEC-NO OF BFCTANGULAR SECTIONS IN THE SYSTEM 0494 
DO 120 K=1,NSFC 0495 
REAP 5 n 7 , K R l ! K ) , K B 2 ! K I , K Z l l K ) , K Z 2 I K ) , K T l l K I , K T 2 ! K ) , K T M I K ) , 0496 

I B D D I K ) . Z D D | K ) 0497 
507 |=OKM4T|7I6,2FQ.O) 0498 

PRINT 5 0 9 , K R 1 ! K ) , K R 2 I K ) , K 7 1 I K I . K 7 2 ! K ) . K T I I K ) . K T 2 ! K ) . K T M ! K ) . 0499 
I P n o i K ) . Z D D I K ) 0500 

509 F 0 R M A T ! 7 I 6 , 2 F 1 5 . 7 ) QIJOI 
120 CONTINUr 0502 

C KPl AND l '71 ABE I N I T I A L ZONE NUMBERS.KR2 AND KZ2 ARE FINAL 0503 
C ZHNF NIIMBt^os IN R AND 7 DI R ECT lONS-KTM IS MATERIAL CARD INDICATOR 0504 

REAP 50 ' .NMAT 0505 
C NM,«.T-NO OF DIFFERENT MATERIAL CARDS 0506 

PRINT •:20 0507 
pn l-.o K=1,NMAT 0508 
READ 5 n B , A A ! K ) , B B I K ) , C C I K ) , C B H O ! K ) , C E I K I , C P | K ) , K K K 0509 
PRINT 5 2 2 , K , A A I K I , D B ! K ) , C C ! K ) , C R H O I K ) , C F I K ) , C B | K ) , K K K 0510 
BEAD '^02,CWM!K),CWBIK) , C P L G | K ) , C C P I K ) , C C K I K ) 0511 
PBINT 326,CWN!K).CWB(K),CPLG!K),CCPIK)iCCKIK) 0512 
Iî lKKK) 140, I'lO, 130 0513 

130 PEAT 516, IPPIK, I ) ,VV!K ,1 ) ,1 = 1 ,KKK) 0.51* 
PRINT 52t, IPPIK,I ) ,VVIK ,1 ) ,I = 1,KKK) 0515 
READ •'02,P0IK) ,ROK,FD!K) ,GOIK) ,COIK) 0516 
PRINT 526.P0IK),BnK,FO!K),GO|K),COIK) 0517 
VO!K)=1./ROK 0518 

140 CONTnuE 0519 
r rPHn,C'=,CD,KTl,KT2 ARH THE INITIAL RHO,f,P,KTX AND KTY VALLIFS 0520 

PO 250 K=1,NSFC 0521 
L=KTI|K) 0522 
II=KP1IK) 0523 



63 

I2=KB2IK) 0524 
Jt=K71!K) 0525 
J2=K72!K) 0526 
IF|KTM(K))2O0,200,160 0527 

160 no IfiO J=J1,J2 0528 
on IPO 1=11,12 0529 
RHOII,J)=CPHO(L) 0530 
C(I.J)=CF(L) 0531 
PII,J)=CPIL) 0532 
BnOTII,J)=RDD|K) 0533 
ZDOTII,J)=ZPDIK) 0534 
KTXII,J)=KT1!K) 0535 
KTY!I.J)=KT2IK) 0536 

160 COMTINU': 0537 
GO TO 250 0538 

200 CONTINUF 0539 
CARD INPUT FOR THE CORF SECTION 0540 
00 210 J=JI.J2 05*1 
DO 210 1=11.12 05*2 
REAP 510,II,JJ,RC1,ZC1,R00TII,J),ZDOT!I,J),RHO!I.J).Ell,J).Pll,J), 05*3 
IKTXII,J),KTYII,J) 05** 
PRINT 52<-, I I ,JJ,RC1,ZC1.PD0T| I.J). ZDOT I I.J) ,RHOI I,J),EII,J),P|I,J) 0545 
l.KTXII,J),KTYII,J) 05*6 
IFIRCl.NF.RII.J))G0 TO 202 05*7 
IF!ZCl.FO.Z!I.J)IGO TO 210 05*8 

202 CONTINUF 0549 
PRINT 512,I I ,JJ,RC1,7C1.PI I,J),71 I,Jl 0550 
STOP 0551 

210 CONTINUE 0552 
250 CONTINUE 0553 

WMAX=0. 0554 
PO 260 I=2.IMAX2 0555 
RI I, 1)=PI1,3) 0556 
ZII,1)=ZII,2)-IZ!I,3)-7!I,2)) 0557 
PI I,JMAX3)=R!I,JMAXl) 0558 
2II,JMAX3)=7II,JM»X2)*IZII,JM4X2)-Z(I,J"AXl)) 0559 

260 CONTINUE 0550 
on 270 J=1,JMAX3 0561 
RI1.J)=-PI3,J) 0552 
Zl 1,J) = 7I 3,J) 0563 
RIIMAX3, J) = B I IMAX2. J)»!BI IM«X2.J)-R I IMAXl.'J) ) 0564 
71IMAX3.J)=ZIIMAX1.J) 0555 

270 CONTINUE 0566 
no 275 J=1,JMAX2 0557 
PHOIIM1X2,J)=RHO!IMAXl,J) 0568 

275 CONTINUE 0569 
on 300 J=2.JMAXl 0570 
DO 300 I=2.IMAX2 0571 
AI=0.5»ll7II + l,Jtl)-ZII,J))*|R!I*l.J)-R!I.J-H)l 0572 

1-!R!I*I,J*1)-RII.J))*IZII+1,J)-ZII,J»1))) 0573 
IF!I.EO.IMAX2)G0 TO 280 057* 
LX=KTX!I,J) 0575 
W=irwNILX)'|P|I,J)»CW6ILXII/IRHOII,JI»A1))«|PELT/l.2)»«2 0«76 

I"=l W.LF.UMAXIGO TO 280 0577 
WM«X=W 0578 
IW=I 0579 
JW=J 0580 

280 CONTINUE 0581 
PBAR1 = 0.2 5. IR!I,JH)»B!I*l,J»ll*RII*l.JI*RII>J)) 0582 

300 MZFRO!I.J)=A1*RBAR1*RH0|I,J) 0583 

no 3*0 1=2,IMAXl 9-?-
KTX!I.I)=KTXI1,21 
KTY! I, 1 ) = KTYI1,2) 
KTXII,JMAX2)=KTXII.JMAXl) 0587 
KTYI I.J''A«2)=KTYI I .JMAXl) 0588 
MZcPnlI,1l=M7FR0!I,2) 0589 
MZCROII,JMAX2)=MZEPOII,JMAXI) 0590 

0585 
0586 



0600 
0601 
0602 

3';0 CONTINUE 0591 
DO 360 J=1,JMAX2 0592 
KTXI 1,J) = KTXI2,J) 0593 
KTYI1,J)=KTYI2,J) 0594 
KTXIIMAX2,J)=KTX!IMAX1,J) 0595 
KTY!IMAX2,J)=KTYIIMAXl,J) 0595 
MZ""POI 1, J)=MZi=R0!2, J) 0597 

360 CONTINUE 0598 
MZ5R0IIMAX2,JMAX2)=M7FRO!IMAX2, JMAXlI 0599 
M7CRn(IMAX2,l)=M7FR0(IMAX2,2) 
F7'=Pn=0. 
no SIO J=1,JMAX3 
DO 3P0 I=1,IM4X3 0603 
!•=( I.FO.DGO TO 370 0504 
I^IJ.FP.DGO TO 370 0505 
IF!J.GT.JMAXIIGO TP 370 0505 
IF! I.GT.IMAXDGO TO 370 0507 
E7EPO=F7FRn*pi2*MZERO(I,JI»E(I,J) 0508 

370 CONTINUE 0609 
RO! I , J)=PIt.Jl 0510 
7n|I,J)=7(I.J) 0511 

3B0 CONT IMUE 0512 
REAP 52f.KPP.KPPl,KPP2.KPPX.KPPC.PMASS,KPLl.KPL2.PLUG 0513 
PRINT "=34,KPP,KPPl.KPP2,KPPX,KPPC,PMASS.KPLl.KPL2.PLUG 0614 
XDBT=0. 0515 
I'=!KPPX.LF.O)GO TO 80 0616 
RFAD 5 1 6 , I C X ! I I , C X D I I I , I = 1 , K P P X ) 0617 
PBINT 5 2 ' , I C X ! I ) , C x n ! I ) , I = l , K P P X ) 0618 

BO I F ( K P P C . L F . 0 ) G 0 TO 82 0619 
Rî Ao 5 1 6 , ( C V ( ! ) ,CVP( I ) . I = 1,KPPC) 0520 
PRINT 5 2 4 . I C V ! I I . C V P ! I I , I = 1,KPPCI 0621 

32 CONTINUF 0522 
REAP 53B.KB11 .KR12 .Y"X .M11 ,M12 .KB21 .KB22 .YMS.M21 .M22 ,KB31 ,KB32 , 0623 

1YMN,M31,M32 0524 
PRINT 53°.KPI1.KB12.YMX,M11,M12,KB21,KP22.YMS.M21,M22,KB31,KB32, 0625 

1YMN,M31,M32 0626 
YMXO=YMX 0627 

533 FORMAT!3I2!3,F12.0,2131 I 0628 
539 FORMATIIHO,' MOVING SURFACE CONSTANTS',/3 I 2 I 6,E15.7.216)) 0529 

IF|KP1.NF.2)G0 TO 6 34 0630 
CBpi=CP|Mii) 0631 
CBF1=C=!M11I 0532 
RHOI=CBHn!Mll) 0633 
IFIKP12.GF.IMAX2)G0 TO 630 0634 
BI2 = F|KP 12H,JMAX2) 0635 

625 Al=!YMX-Z(KB11,JMAX2))*l RI2-RIKB11,JMAX2) ) 0636 
RBARl = 0.•'»l«I?^RIKBll,JMAX2)) 0637 
7'̂ BMl = Al.BBABI«CBH0!Ml 1) 0438 
E7ERO=E7FBn<-PI2*7FBMl*CREl 0639 
GO TO 6 34 0640 

530 IF!Kni2.F0.IMAX2)Gn TO 632 0641 
RI2=YMS 0642 
GO TO 626 0643 

632 RI2=RIIMAX2,JMAX2) 0644 
GO TO 525 0645 

634 CONTINUE 0646 
IE!KP3.NF.2)GO TO 544 0547 
CRP3=CP|M31| 0648 
CRE3=CF|M31) 0649 
PH03=CBH0!M31) 0650 
IFIKB32.GF.IMAX2)G0 TO 540 0651 
PI2=B!KP32tl,2) 0652 

636 Al=!7|KB31,2)-YMN)*!BI2-R!KB31,2) ) 0653 
RBAR1=0.'*!RI2*R|KP31,2)) 0654 
ZEBM3=A1*0BAB1*CRH0IM31 I 0555 
F7rRn=EZFR0<-PI2*ZFRM3*CRE3 0656 
GO TO 64't 0557 

540 IFIKnSP.EO.IMAX2IG0 TO 642 0658 



65 

PI2=YMS 0659 
GO T" 6 36 0660 

6*2 RI2=P|IMAX2,2) 0661 
GO TO < 36 0662 

644 COMTINU- 0663 
IF(KB2.NF.2)G0 TO 654 0664 
RHn2=CPHO|M21) 0665 
CRP2=CP!M21) 0666 
CPF2=CF!M21) 0667 
T'=!KB21.LT.2)GO TO 552 0668 
ZI1=7!IMAX2,KR21 ) 0659 
GO TO 656 0670 

652 7I1=YMN 0671 
656 IF(KP22.G'=.JMAX2)G0 TO 660 0672 

ZI2=7IIMAX2,KP22*1) 0673 
658 Al=l 7I2-ZI 1)*IYMS-PIIMAX2.2)) 0674 

PBAP1=0.5>IYMStRIIMAX2.2)I 0675 
ZFRM2=A1»RBAR1»CRH0IM21) 0676 
F7EP0=f Z E P 0 * P I 2 * Z ' : R M 2 * C R E 2 0677 
GO TO 654 0678 

560 I F ! K B 2 2 . E 0 . J M A X 2 ) G 0 TO 662 0679 
ZI2=YMX 0680 
GO TO 65P 0681 

652 712=71IMAX2.JMAX2) 0682 
GO TO 558 0683 

664 CONTINUE 0684 
86 CONTINUE 0685 

READ 504,NPP 0686 
PRINT 504,NPP 0587 
IFINPP.LF.OIGO TO 88 0689 
READ =05,IKXPIL),KYP!L).L=1.NPP) 0689 
PRINT 505.IKXPIL).KYPIL).L=1.NPP) 0690 

88 CONTINUE 0691 
PRINT 5U.EZFR0 0692 
nFLTO=0 0693 
DIST=0. 069* 
100=0 0695 

420 CONTINU"^ 0696 
RFAD 505.NTW.NTM 0697 
IFINTW.EO.OIGO TO ISO 0698 
IX=0 • 0699 
PRINT 5*1 0700 

5*1 FORMATI• THIN VESSEL CONSTANTS') 0701 
no 450 L=1.NTW 0702 
REAP 542.MI(L).MJIL).MTHIL).MTVIL) .MTCILI .THHILI.THVIL) 0703 
POINT 543,L ,MI ILI.MJILI.MTHILI.MTVIL).MTCILI,THHIL),THVIL) 070* 

r\2 FOPMATI5I6,2F12.0) 0705 
5*3 FORMATI13,515,2E14.6) 0706 

I2=MJ|L) 0707 
I1=MIIL)-1 0708 
DO 4 30 1 = 2,1 1 0709 
IX=IX*1 0710 
MTX(IX)=L 0711 
KMX!I,I2)=IX 0712 
MTPIIX)=1 0713 

430 CONTINUE 0714 
K=IX 0715 
J1 = M.)|LI 0716 
J2=MI!LI 0717 
00 440 J=Jl,JM4X2 0718 
IX=IX*1 0719 
MTX!IXI=L 0720 
KMXIJ2.JI=IX 0721 
MTP(IX)=3 0722 

ft.Q CONTINUE 0723 
MTPIK*1)=2 0726 
MTPIIX)=MTCIL) 0725 



460 CONTINUE 0726 
DO '-70 K=1.NTM 0727 
READ 544 .XMFIKI,XYP!K),xrulK).XRHOIK).XPPIK).KNPIK) 0728 
PBINT ;«5,XMr!K),XYP|K),XEU!K),XBHO!K),XPRIK).KNPIK) 072O 

54', cooMjTI=F12.0,216) 0730 
5A5 =0BMAT|5E14.6,215) 0731 

IC IKNPIK) .EO.O)GO TO '.70 0732 
KK=KNB!K) 0733 
BEAD 516,IXSSIK,I),XSRIK.I),I=1,KK) 0734 
opiNT 524,IXSSIK,I),XSRIK,I),I=1,KKI 0735 

470 CONTINI.IF 0736 
4»0 CONTINUF 0737 

RETURN 0738 
FND 0739 

S U O R D U T I N ; T H I N V ! L T , I , J , R P P O T . Z P O O T . R . 7 , PP.70.P.KMX,KTX,KK,C0NSTI 0740 

IMPLICIT RFAL*B!A-H,0-7I 0741 
DIMFNSIONB(IMAX3.JMAX3I.Z!IMAX3,JMAX3l,BOIIMAX3,JMAX3l, 0 742 

1Z0|IMAX3,JMAX3I,P!IMAX3,JMAX3I,KMXIIMAX3,JMAX3I,KTX!IMAX3,J MAX 3 I 0 743 
CO^-MON IMAX,JMAX.IMAX1.JMAX1.IMAX2,JMAX2.IMAX3.JMAX3,NCYCL. 0744 

lIW,JW,IST0P,I00,J00,IpM,jnM,KBl,KB2,KB3,KPP,KPP|,KPP2,KPPX,KPPC, 07*5 
2KPL1,KPL2,KP11,K''12,KP31,KP32,NPP,NCL,KXP!20I,KYP|20I,KXYP!1000I 0 746 
3,K=21.KB22,M11,M17,M21,M22.M31.M32.KNX!10I.!0UT 0747 
4 , M l ( i o ) , M J I 1 0 l , M T H | 1 0 l , M T V I 1 0 l , M T C I 1 0 l , M T X I 1 0 0 0 ) , M T P I l O O O ) , K N P I 1 0 ) 074B 

COMMON T 1 I ! 1 0 ) , I 1 2 I 1 0 ) . I 2 1 ! 1 0 ) , I 2 2 ! 1 0 ) , J 1 1 I 1 0 ) , J 1 2 ! 1 0 ) , J 2 1 I 1 0 ) , 0 7 4 0 
1 J 2 2 ! 1 0 ) , I 1 X , I 2 X , J 1 X , J 2 X , K 0 ! 1 2 0 I 0 7 5 0 
COMMON I t l P E L T , P E L T O , T I M F , D I S T , W M A X , T I T L F I 2 0 ) , P P ! 2 0 , 5 0 ) , V V I 2 0 , 5 0 1 0751 

l . P O I 2 0 ) , F O ( 2 0 ) . G O ! 2 0 ) , C O I 2 0 ) . A A I 2 0 ) . B B ( 2 0 ) . C C ! 2 C ) . V O I 2 0 ) , C C P I 2 0 ) . 0752 
2 C C K | 2 0 ) , C P L G ! 2 0 ) , C P H O I 2 0 ) , C F I 2 0 l , r P ( 2 0 l , C W B ( 2 0 ) , C W N I 2 0 ) . C X I 5 0 ) , 0753 
3CXDI50),CVI501,CVDI50I,CX1.CX2,CX3.PMASS.E7ERO.FB.PLUG.PBS I 6,1000 I 0 754 
4.TME( 10001,PLGF(1000),YMX,YMS,YMN,CBP1,CBP2,CRP3,CBF1,CRE2,CRF3, 0755 
5RH01,RH02.RH03.ZEBMl ,ZERM2,ZERM3,XYPI10) ,XEUI 1 0 ) , T K F , T l E . T M , Y M X O 0755 
5 ,THHI 1 0 ) , T H V ! 1 0 I ,XMEI 10 1 ,XRHO!101,XPR1101,XSSI 1 0 , 5 0 ) , X S R I 1 0 . 5 0 1 0757 
7,XPBT 0758 

P E A L " SSB, SSZ, SST, VP,RO,ZO,SC,ROOT,ZDOT,MZERO O759 
INTEGEP*2 KTX,KTY,KMX 0760 
REAL»4 TMF,PLGF,PRS,T ITLE ,T IN 0751 

502 FORMAT!' STRAIN EXCFEPFD ULTIMATE VALUE A T ' , 2 1 4 , ' F R = ' , F 1 4 . 6 , 0762 
I ' E T = ' . E 1 ' . . 6 . ' EFC. E = ' , E l ' : . 6 l 0753 

504 FnPMATI' STRAIN EXCEEDED ULTIMATE VALUE AT ',21',' STP AI N= • , >= I't. 6) 0764 
'""1 = 0.0 0755 
N=MTXILT) 0765 
M1=MI|M| 0757 
M2=MJ(M) 0768 
P1=P(I,J) 0759 
P2=P!I-1,J) O-'TO 
P3=P!I-1,J-1) 0771 
P4=PII.J-1) 0772 
GO TP !100,200),KK 0773 

100 M=MTHIN) 0774 
TN=THH(NI 0775 
OB=!B|1*1,J1-B(I-l,Jl)/2. 0776 
LX1=KTX(I,J) 0777 
LX?=KTX!I,J-1) 0778 
AB=R(M1,M2|-R(2,M2) 0770 
WC=70!I.JI-ZII.JI 0730 
IF!I.NF.MIIGQ TO 102 0781 
I'=ILX1.F0.3IG0 TO 101 0782 
I'=ILX2.EP.3|GO TO lOl • 0783 
MM=MTV|N) 07,4 

CLI=0.5.pS0RTI!Z!! .J*1)-7I 1.J) l**2*IRI I,J»1 I-PI I,J Il»*2I 078 5 
CL2=0.5*DSQRT!!7!I,JI-7II-1,JI)«*2*IRII,JI-RII-1,JII**2I 0785 



CM|=CLI»THVIN)»XOHO!MM)+CL2»TH»X8HOIM) 0787 
101 CM = CMi »!./(,,,*C0NST) 0788 

STRN = OABSIWC/!ZOII,JMAX2I-Z0| I,Jl I ) 078O 
IFIDABS!STRN).GT.XEU|M)|G0 TO 103 0790 
KNM = KNX|M) (j.,,1 
I I = K N P ! M ) 0792 
CALL STOFSSISTRN,STSN,XSS,XSR,II,KNM,M,I,J) 0793 
Iî l WC.LT.O.O)STSN=-STSN 0794 
ZDD0T2=THVIN)»STSN/CM 0795 
GO TO 180 0796 

103 ZPnoT2=0.0 0797 
PRINT 50/.I,J,STRN 0798 
CO TO IBO 0799 

102 CONTINUE 0800 
CLl=0.'^»rSQRT(IZ!l»l,J)-Z!I,J) )*«2*|RII*1,J)-RI I,J))««2) 0801 
CL2 = 0.';*rS0RTI(Z!I,J)-Z(I-l,J) )»*2tlRII,J»-R(I-l,J||*«2| 0802 
IEILX1.F0.3IGO TO 104 0803 
IFILX2.FC.31G0 TO 104 0804 
CMI=|CL1*CL2l*TH*XRHO!M| 0805 

10'. AB=R|M1,M2I-PI2,M2I 0806 
CM=CM1*1./|4,*C0NSTI 0807 
W0=7!M1,M2)-Z!2,JI 0808 
Ul=R|Ml,M2l-RO|Ml,M2) 080O 
F'l=Ul/IPOIMl,M2l-ROI2,M2)) OBIO 
CrH=XME!M)/|l.-XPR|M)«XPRIM)) 0811 
W2A3=!WO*WO)/lAR**3) 0812 
ur=R|I,J)*(AR-R(I.J))»W2A3»!1.185-1.75«RII,J)/AR) 0813 
U01 = RI i n , J)*(AR-R I U l , J) )»W2A3*H. 185-1.75*P I 1*1, JI/AR ) 0814 
WP1=Z0I I*I,J)-Z! I<-l,J) 0815 
IF!I.NE.2)G0 TO 108 0815 
UN1=-UP1 0817 
WN1=UPI 0818 
FT=!A0-R!I,J) )«W2A3*I 1. I8':-1.7';*R| I ,J) /AR ) 0819 
FP = IlUPl-UNl)**2I/I8.»0R»ORI•I UP1-UN11/I2.*0RI 0820 
FR=FP»rEl 0821 
CSP=CEH*!'-o»XPRIMIt-ETI 0822 
lEIDABSICSRI.GT.XYPIM))G0 TO 106 0823 

105 XNR=CSP»TH 0824 
XNT=0. 0825 
GO TO 109 0826 

106 FRR = l. 15';7TABSIER) • 0827 
IFIFBR.GT.XEUIM))G0 TO 107 0828 
CALL STPESSIFRH,STTN,XSS,XSP,II,KNM,M,|,Jl 0829 
lEIDABSICSRI.LT.STTNIGO TO 105 0830 
XNR=CSP»TH*STTN/CCSS 0«31 
XNT=0. 0832 
GO TO loo 0833 

107 XNR=0. 0834 
XNT=0. 0835 
PRINT "^02, I , J.ER.ET.FRR 0836 

109 CONTINUE 0837 
P2WR=IWP1-2.*WC*WN1)/(DR*DP) 08 38 

C CONTINUE 0839 
7PD0T2=-P2WR*XNR* ICLI *CL2) /CM 0 840 
GO TO 180 0841 

108 UNl = R ! ! - l , J ) - * ! A R - R I I - l , J ) ) « W 2 4 3 » ! l . l B 5 - 1 . 7 5 » B ! I » l , J ) / A 8 ) 0 842 
W N l = Z O I I - I . J ) - Z I I - 1 , J ) 0 8 * 3 
F T = ( U C « E E 1 ) / P ! I . J ) 0 8 4 * 

U P E P = l l ! U P l - U N l ) * * 2 ) * I I W P l - W M ) « « 2 ) ) / l 8 . * n R » D R ) • I UP l - U N l ) / ! 2 .•OR ) 0 8 * 5 
C7 = " : F « ' ^ F I 0845 
CSR=CEH*!'=R»XPR|M)*ET) 0 8 * 7 
CST=CEH»!FT+XPRIM)»EP) 0 8 * 8 
CCSS = PSORTICSR«CSR-CSR^^CST*CST*CSTI 0 8 * 9 
I F I C C S S . G T . X Y P I M ) I G O TO 121 0850 

120 XNB=CSB-«TH 0851 
XNT=CST«TH 0852 
GO TO 122 0853 



121 FBP = 1. l547»r,S0RT!'=R*FRtER*ET + ET*ETI 0854 
lF(npR.r,T.XFU!M) )G0 TO 123 0855 
C U L STRESS!ERR,STTN,XSS,XSR,I!,KNM,M,I,JI 0856 
I^^ICCSS.LT.STTNIGO TO 120 0657 
XNR=CSP-'TH*STTN/CCSS 0858 
XNT=rST*TH»STTN/CCSS 0859 
GO TO 122 0860 

123 XNR=0. 0861 
XNT=0. 0862 
"BINT 502.I,J,EP.FT,EBB 0863 

122 CONTINUE 085* 
PWR=IWP1-WN1)/I2.*PR) 0855 
D2WR=IWP1-2.*WC»WN1)/!0R*DR) 0855 

124 7DDOT2 = -!D2WRtXNR + DWR»XNT/P I I ,J)I«ICLU-CL2I/CM 0867 

GO TO 180 0858 
180 7DD0T1= I !P1-P3)*IR!I.J»1)-R!I.J-ll+RII-l. JI-RII*l.J)I-IP2-P4I* 0869 

l|BII,Jtl)-R!I,J-l)-RII-l,J)tBIU-l,J)))/l4.*CM) 0870 
7DDOT=7DPOTl*ZOOOT2 0871 
GO TO 300 0872 

200 M=MTV!NI 0873 
TH=THV!N) 0874 
LX1=KTX!I,J) 0875 
LX2=KTX!I-1,J) 0875 
AR=Pnl''l,M2)-ROI2,M2) 0877 
IF!J.NF.M2IG0 TO 202 0878 
1F!LX1.E0.3)GO TO 201 0879 
IF!LX2.F0.3)GO TO 201 0880 
M:I=MTHIN) 0881 

CLI=0.5*PSOPT! ! Zl I , J+1)-Zl I ,J) )*^«2*IRII , J* 1 )-R I I , J ) )**2 ) 0882 
CL2=0.5«nS0PTIIZII,J)-ZII-1,J))**2»!RII,J)-RII-1,J))**2) 0683 
CMl=CLl*TH*XBH0!M)tCL2*THH!N)»XRH0!MM) 0 884 

201 CM=CMltl./!4.*CPNST) 0885 
U1=BI I.J)-R0lI.J) . 0885 
IF!THHIN).E0.O.O)GO TO 204 0887 
R m n T 2 = -!XMEIMM )*THHIN)*U1)/!AR*I l.-XPP IMM) )*CM) 0888 
GO TO 290 0889 

204 II=KNP|M) 0890 
KNM=KNX|M) 0891 
STRN=0ABS!Ul/RO| I . J)I 0892 
I'=!STRN.GT.XFU|M) IGO TO 226 0893 
CALL STRESS!STRN.STSN,XSS,XSB.I I,KNM,M,I,J) 0894 
IF|U1.LT.0.0ISTSN=-5TSN 0895 
BopnT2=-TH*STSN»CLl»2./IROII,J)»CMI 0895 
GO TO 280 0897 

202 CONTINUF 0898 
CLl=D.5*rS0RT(IZ!I,Jtll-ZI I,J) )**2*!R!I,J*l)-RI I,J))*«2) 0899 
CL2=0.5»DSORTII 7!I,J)-ZII,J-1) )»*2»IRII,J)-R!I,J-1Il*»2l 0900 
IFILX1.F0.3IGO TO 203 0901 
IE!LX2.F0.3)G0 TO 203 0902 
CMl = (CLl»-rL2)*TH*XRH0IM) 0903 

203 CM = '-Miti./(4.«C0NST) 0904 
I'̂ l J.NF.J •<AX2)G0 TO 208 0O05 
I'=(MTP!LT).E0.6IG0 TO 208 0906 
PonpT=0. 0907 
GO TO 300 0908 

208 WC=RII,JI-ROII,Jl 0909 
IFIJ.NF.JMAX2IG0 TO 212 0910 
WN1=B!I,J-1)-R0II,J-1) 0911 
WPI=2.»WC-WN1 0912 
GO TP 221- 0913 

212 Wi>l=B ( I , Jtl l-ROI I , Jtll 0914 
WHUPI I,J-1)-P0I I.J-1) 0915 

224 n7=l7l I,JH)-ZI I,J-l))/2. , 0916 
STPN=PAPSIWC/RQII,JlI 0917 
II=KNP!M) nqjg 
KNM=KNX!M) 0919 
IFIPABSISTRNI.GT.XEUIM))GQ TO 226 0920 



CALL STPFSSISTRN.STSN,XSS,XSR,1 I,KNM,M,I,J) Oasi 
I'=!WC.LT.O,0)STSN = -STSN 
RPDOT2=I-TH»STSN/R0!I,J)*ICL1*CL2))/CM 
GO TO 2P0 

226 RnDOT2=0.0 

0922 
0923 
0926 
0 9 2 5 

PPINT « 0 4 . I . J , S T B N ni%l 
GO TO 280 " 

260 0 " n O T l = - l ! P l - P 3 ) . ! 7 I I , J * l ) - 7 l I . J - l ) • / I I - 1 , J ) - 7 I I » I , J ) | - ( P 2 - P 4 I 
1 I 7 I I , J » 1 I - Z | I , J - 1 ) 4 Z ( I H , J ) - Z I I - 1 , J ) ) 1 / ! 4 . » C M ) 

RPD0T=0DDPT1*PDD0T2 
300 CONTINUE 

RFTIION 
ENn 

SST,KTX,KTY,KMX) 
IMPLICIT RFAL*5IA-H,0-Z) 
DIME MS ION PI IM\X3,JMAX3),Z!IMAX3,JMAX3),ROOT IIMAX3,JMAX3). 
7DnT!IMAX3,JMAX3),R0!IMAX3,JMAX3l,7OIIMAX3,JM»X3l,MZFRO(IM4X3.JM«> 
3I.F!IMAX3.JMAX3I.PIIM«X3.JMAX3l,RHOIIMAX3,JMAX3l,VP|!M»X3,JMAX3l, 
SCIIMAX3.)MAX3I.KTXIIMAX3,JMAX3I,KTYIIMAX3,JMAX3I 
,KMX!IMAX3,JMAX3I 

0927 
0928 
0929 
0930 
0931 
0932 
0933 

SUBROUTINC STP'^S5ISTRN,STSN,XSS,XSR,M,KNM,M,I,JI 0934 
IMPLICIT RFAL""'IA-H,0-Z1 gajj 
DIMENSION XSSI10,50I,XSR|10,50I 0936 
I^^ISTRN.GF.XSRIM, II IGO TO 2'4 093T 
DO 2'.0 L=l,n 0,jg 
IF|STRN-X5P|M,LI 1240,248,25 2 0939 

240 CONTINUF g,J(, 
STSN=0. 0,4, 
GO TO 255 0942 

2*4 STSN=0.0 0943 
00 TO 255 0»44 

2*8 STSN=XS5|M,LI 0945 
GO TO 25-̂  0946 

252 STSM=XSS|M,L-l|t|STRN-XSRIM,L-lll*IXSSIM,ll-XSSIM,l-ll)/ 0947 
1IXSPIM,L)-XSR|M,L-lll 0948 

2'5 CONTINUE 0949 
RFTURN 0950 
END 0,,, 

SUBROUTINE HYPBOKR, 7, ROOT, ZDOT , MZERO, P , VP , E ,RHP,RO, 70, SC, SSR, SSZ, 095 2 
1SST,KTX,KTY,KMXI 0953 
IMPLICIT RFAL*5IA-H,0-ZI 0O54 

0955 
0055 
0957 
0958 
0959 
0950 
OO6I 
0O62 
0053 
0954 
0965 
0955 
0967 
0968 
0959 
0970 
0971 
0972 

7.XrBT 0O7A 
REAI*'- SSP.SSZ.SST,VP,00, 70,SC ,ROOT,Z30T,MZERO 0973 
REAL** TME,PLGF.PRS.TITLE,TIN 0=74 



70 

INTEG<"R»2 KTX,KTY,KMX 0975 
DATA PI/3.1415925536/ 0976 
PI0',=PI/4. 0977 
0I2 = P H 2 . 0978 
PI02=PI/2. 0979 
UrP=0. 0980 
TKF=o. 0981 
TIE=0. 0982 
WMAX=0. 0983 
PIST=0. 0984 
DELTB=O.5*|nELT0»nFLT) 0985 
TM=TIMFto.5*PELT 0985 
TIur=TIME»DELT 0987 
DELTO="FLT 0988 
no 40 1=2,IMAX2 0989 
PI I,1)=B!1,3) 0990 
7(I,1)=ZII,2)-!7!I,3)-7!I,2)) 0991 
"I I,JMAX3)=B!I,JMAX1) 0992 
Z!I,JMAX3)=ZII,JMAX2lt!Z!I.JMAX2)-ZII.JMAXl)) 0993 

40 CONTINUE 0994 
DO 60 J=l,JMAX3 0995 
Pll,J)=-RI3,J) 0995 
Zl1,J)=ZI3,J) 0997 
RIIM£X3,J)=RIIMAX2,J)*!RIIMAX2,J)-P(IMAX1,J) I 0998 
ZlIMAX3,J)=7IIMAX1,J) 0999 

50 CONTINUE 1000 
DO PO 1=2,IMAXl 1001 
BHOII,1)=RH0!I,2I 1002 
PI I,1l=CX3»P! 1,21 1003 
PHD!I,JMAX2I=RH0II.JMAXll 1004 
PI I.JMAX2)=CX1*P!I.JMAXll 1005 

BO CONTINUE 1006 
I'=!KBl.LT.2)G0 TO 88 1007 
I11=K»11 1008 
I12=KB12 1009 
IF!KB12.GF.IMAX2)I12=IMAX1 1010 
DO f 1=1 1 1,112 1011 
1=1Z! I,JMAX2).LT.YMX)G0 TO 81 1012 
IF!71 Itl,JMAX2).GE.YMX)GO TO 82 1013 

Bl CONTINUE 1014 
P!I,JMAX2)=-PII,JMAXl)t2.*CRPl 1015 
GO TO =4 1016 

P2 P!I,JMAX2)=PII,JMAX1) 1017 
84 CONTINUE 10i8 

I'=!KB12.GF.IMAXl IGO TO 85 1019 
IL = K<.12M 1020 
DO 86 I=1L,IMAXl 1021 
PI I,JMAX21=P!I,JMAX1) 1022 

86 CONTINUF 1023 
85 CONTINUE 1024 

IF!KBll,LF.2)G0 TO 88 1025 
IL=KB11-1 1025 
DO 87 1=2.IL 1027 
PI I,JMAX2I = P!I,JMAX1I 1028 

P7 CONTINUE 1029 
68 CONTINUE 1030 

IFIKP3.LT.21GO TO 96 1031 
Ill=Ke31 1032 
I12=KB32 1033 
IF!KB32.GF.IMAX2II12=IMAX1 IO34 
DO 9'- 1 = 111,112 1035 
I'=l 7! I.2).GT,YMNIG0 TO 91 IO36 
IFIZI 1*1,2).LF.YMN)GO TO 92 1037 

-̂1 CONTINUE 1038 
PI I.l)=-P! I.2)*2.'«CBP3 ,0->o 
r-O TO "4 }o40 

•̂2 P!I.1) = PII.2I 10^1 



04 CONTINUE 104> 
I ' = I K P 3 2 . r , E . I M A X l IGO TO 95 1043 
I L = K B 3 2 M , 0 ^ 
DO Cf I = I L . I M A X l . « 4 5 
P ( I , 1 I = P ( I . 2 I , 0 4 4 

96 CONTINUF IO47 
95 CONTINUF : ^ . 

I F I K B 3 I . L F . 2 I G 0 TO Ofl , - . -
I L = K P 3 1 - 1 1050 
00 97 1 = 2 . I L , 0 5 1 
P ( I , 1 I = P I 1 ,21 10<5» 

97 coNTiNu"- J ; , ; 
°B CONTINUE ,054 

DO 100 J=2,JMAXl ,055 
PHOI I,J)=RH0I2,J) ,056 
P! 1,J) = PI2,J) ,OST 
RHO! IMAX2,J)=RHOIIMAXl, J) ,05g 
PIIMAX2,J)=CX2»P|IMAXl,J) 1059 

100 CONTINUF ,Ojo 
P!IMAX2,l)=P!IMAXl,l) ,041 
P!IMAX2,JMAX2)=P!IMAX1,JMAX2I 1062 
P(l,l)=PI2,l) ,063 
PI 1,JMAX2) = P!2,JM»X2) 1064 
RHO!IMAX2,1)=RHOIIMAXl,II ,045 
RHOI IMAX2,JMAX2)=RHOnMAXl, JMAX2) 1066 
RHO!1,1)=RH0I2,1I 1047 
RHOIl,JMAX21=RHOI2,JMAX2l IO4S 
IFIKOl.NE.OIGO TO 41 1049 
IFIKB2.EO.OIGO TO 54 lOTO 
IF|KB?.E0.2)G0 TO 52 1071 

*1 I'̂ IK = 1.NF.2)G0 TO 42 lOTJ 
IFIK02.EO.OIGO TO 54 1073 

42 CONTINUF 1074 
IFIKR12.LT.IMAX2)G0 TO 52 107S 
IFIKB22.LT.JMAX2)Gn TO 54 1074 
lEIR!IMAX2,JMAX2).GE.YMS)GO TO 52 1077 
IF!7!IMAX2.JMAX2),GE.YMX)GO TO 5* I07i 
IEIKB12.GT.IMAX2IGO TO 54 1079 

52 PIIMAX2,JMAX2)=P|IMAX2,JMAXl) lOSO 
5* CONTINUF 1081 

IFIKP3.NF.0IG0 TO 43 • 1082 
IFIKB2.EO.OIGO TO 58 1083 
I'=IKB2.EP.2)GO TO 56 1084 

43 IF!K03.NF.2)GO TO 44 1085 
IFIKB2.F0.0)G0 TO 58 1086 

44 CONTINUE 1087 
IFIKB32.LT.IMAX2)G0 TO 56 1088 
IF|KB21.GT.2)GO TO 58 1089 
IFIRIIfAX2,2 ).GE.YMSIGO TO 56 1090 
I=!Z!IMAX2,2 l.LE.YMNIGO TO 58 1091 
IFIKP32.GT.IMAX2IGU TO 58 1092 

55 PIIMAX2.1 l=P|IMAX2.2l 1093 
58 CONTINUF 1094 

IF| KB2.IT.2IG0 TO 78 1095 
III=KP21 1096 
I12=KB22 1097 
IF|KB21.L'=.211 11 = 2 1098 
IEIKB22.GF.JMAX2II12=JMAX1 1099 
DO 64 J=I II.112 1100 
IFIR!IMAX2.JI.LT.YMSIGO TO 61 1101 
IF(PIIMAX2.J«ll.GF.YMS|G0 TO 62 1102 

61 CONTINUF 1103 
PIIMAX2.Jl=-P!IMAXl,J)»2.*CRP2 1104 
GO TO 64 1105 

52 PI IM«.X2, J l=PI IMAXl, J) 1106 
64 CONTINU'^ 1107 

IF!KP22.GF.JMAXl)G0 TO 68 1108 

http://IFIKR12.lt
http://IFIKB22.lt
http://IFIKP3.NF.0IG0
http://KB2.it
http://IMAX2.JI.lt


72 

JL=KP2?tl 
DO 56 J=JL.JMAXl 
PIIMAX2.J)=PIIMAXl.Jl 

66 CONTINUE 
68 CONTINUE 

IEIKP21.LE.21GO TO 72 
JL = K'»21-1 
PO 70 J=2.JL 
P I I M A X 2 , J I = P I I M A X l , J ) 

70 CONTINUE 
72 CONTINUF 

I F I K B 2 1 . G E . 2 ) G G TO 74 
P I I M A X 2 , I l = P ! I M A X 2 , 2 ) 
GO TO 76 

74 P I I M A X 2 , 1 ) = P I I M A X l , 1 ) 
75 CONTINUE 

I F I K P 2 2 . L E . I M A X 2 ) G 0 TO 77 
P ! IMAX2,JMAX2I=P! IMAX2,JMAX1I 
GO TO 76 

77 P I IMAX2.JMAX21=PI IMAXl ,JMAX21 
76 CONTINUE 

DO l'-.0 J = 2.JMAX2 
00 I 'O I = 2 , I M A X 2 
RonoT=0 . 
ZnDOT=0. 

119 CONTINUF 
C T D l = . 2 5 * D A B S ! R I I , J t l l * R I I - H , J * l l + R ( I » l , J t » R ( I . J ) » 
CTP2=.2 5 » D A B ? I R ! I - l , . | t l ) t R I I , J + l ) » R | I , J I < - P I I - l . J I I 
C T n 3 = , 2 5 * D A B S ! R ! I - 1 , J I +R I I . J I t R I I , J - 1 I ^ R I I - 1 . J - 1 I ) 
C T n 4 = . 2 5 * D A B S I R I I , J ) t R I I t l , J ) t R ! I + l , J - l ) * R I I . J - l l ) 
C O N S T = l . / I M Z E R O I I , J ) / C T D l t M Z E R O I I - l . J ) / C T D 2 * M Z E R O ( I - l . J - l ) / C T P 3 

I f M Z E B O l I , J - l ) / C T D t ) 
P I = P I I , J l - P I I - l , J - l ) 
R 2 = P I I - l , J ) - P I I . J - 1 ) 
I F ! I . E 0 . 2 ) G 0 TO n o 
I F ! I . N E . I M A X 2 ) G 0 TO 108 
IF IKB2.EO.OIGO TO U O 
I F I K B 2 . N F . 2 ) G 0 TO 108 
I F I J . L T . K B 2 1 ) G 0 TO U O 
IF ( J . G T . I K B 2 2 - U ) )G0 TO U O 
I F | 0 I I , J ) .LT.YMSIGO TO 108 
R O O T ! I . J ) = 0 . 0 
GO TO U O 

108 CONTINUE 
IFIKMX!I,J).LE.O)00 TO 109 
LT=KMX!I,J) 
IFIMTPILT).LT.2)G0 TO 106 
CALL THINVILT.I,J,RDP0T,ZDDOT,P,Z,RO,Z0,P.KMX,KTX.2 .CONST) 
GO TO Ul 

105 IFIJ.F0.2)G0 TO 107 
IFIJ,NE.JMAX2)G0 TO 109 
P1 = P! I.J-l)-PII-l,J-l) 
P2=-P1 
GO TO 100 

107 CONTINUE 
Pl=P|I.J)-P!I-1,J) 
P2=-P1 

109 CONTINUE 
RDDOT = -CONST* !P1» I 7 ! I . J * l ) - Z I I , J - l ) * Z ! I - l . J ) - Z ! U - l . J ) ) 

l - P 2 * ! Z ! I . J t l l - Z I I . J - l ) * Z ! I » l . J ) - Z ! I - l . J ) ) ) 
U l CONTINUF 

PDB=BDpnT*DELTB 
IF(PABSIBDB).LT.UEPJGO TO 
P D O T ! I . J | = R D O T I I . J ) t R D B 
GO TO 120 

U O CONTINUF 
120 CONTINUE 

20 

1109 
1110 
1111 
1112 
1113 
1114 
1115 
1116 
1117 
1118 
1119 
1120 
1121 
1122 
1123 
1124 
1125 
1126 
1127 
1128 
1129 
1130 
1131 
1132 
1133 
1134 
1135 
1136 
1137 
1138 
1139 
11*0 
1141 
1142 
1143 
1144 
1145 
1146 
1147 
1148 
1149 
1150 
1151 
1152 
1153 
1154 
1155 
1156 
1157 
1158 
1159 
1160 
1161 
1162 
1163 
1164 
1165 
1166 
1167 
1168 
1169 
1170 
1171 
1172 
1173 
1174 
1175 



PI=0!I.J)-P|I- l ,J-l) 1,76 
' 2 = P I I - 1 , J ) - P ! I , j - l ) , 1 7 7 
1= 1̂ J . N F . J M A X 2 I G 0 TO 122 , , 7 g 
I F I K B l . E O . O I G O TO 140 , , 7 9 
I E | K B 1 . N F . 2 ) G 0 TO 124 , , g O 
I F | I . L T . K B I U G O TO 140 1101 
I F I I . G T . ( K B 1 2 » 1 I I G O TO 140 1152 
I i ^ IKPP.NF .OIGO TO 121 1153 
I E ( Z ! I , J l . L T . Y M X I G O TO 124 , 1 5 4 
Z D O T I I , J I = 0 . 1105 
00 TO I'.O 1 , 54 

121 I F | I . L T . K O P l I G O TO 126 , 1 5 7 
I F I I . G T . I < P P 2 t l l IGO TO 126 U S B 
I F I Z I I , J l . L T . Y M X I G O TO 124 II59 
on TO 140 1 1 , 0 

12t I F I 7! I , , l l .LT.YMXOIGO TO 124 1191 
Z D O T ! I , J I = 0 . 1 ,92 
GO TO I ' O , 1 9 3 

122 I F I J . N F . 2 I G 0 TO 124 , „ ^ 
I E I K P 3 . F 0 . O 1 O 9 TO 140 1195 
I F I K R 3 . N F . 2 I G 0 TO 124 II94 
I i ^ l I . L T . K B 3 1 IGO TO 140 1197 
l i ^ l I . G T . I K B 3 2 t l l IGO TO 140 119S 
I F I Z I I . J I . G T . Y M N I G O TO 124 1199 
Z P O T ( I . J ) = 0 . 1200 
GO TO 140 1201 

124 CONTINUF 1202 
I F I K M X ! I , J ) . L E . O I G O TP 125 1203 
L T = K M X ! I , J ) 1204 
I F I M T P I L T ) . G T . 2 ) 0 0 TO 123 1205 
CALL T H I N V I L T , I , J . R P 0 0 T . Z D D 0 T . R . 7 , R O . Z 0 , P . K M X . K T X . 1 .CONST) 1206 
GO TO 127 1207 

123 I F | I . N F . I M A X 2 ) G 0 TO 125 1208 
P l = P ! I - 1 , J ) - P | I - l . J - 1 ) 1209 
P2=P1 1210 

125 CONTINUE 1 2 H 
Z D P n T = c n N S T » | 0 1 * | R | I . J * l ) - R I I . J - l ) * R I I - l , J ) - R I I * l , J ) ) 1212 

2-P2*|R| I,J»l )-RI I ,J- l l *Rn»l ,J I -RI I - l ,J I I I 12IJ 
127 CONTINUE 1214 

ZCB=7rP0T*ptLTB 1215 
1=IDABSIZDBl.LT.UPPIGO TO 140 • 1216 
ZOOTII,JI=ZPOTII,J)»ZD8 1217 

140 CONTINUE 1218 
Ii^lKPP.EO.OIGO TO 496 1219 
KPP22=KPP2*l 1220 
TOTP=0.0 1221 
nn 420 I=KPP1,K0P2 1222 
B21=B!1*1,JMAX2)»*2-RII,JMAX2)*»2 1223 
IF|KBl.NF.2)G0 TO 413 1224 
I":! 71 I, JMAX2).LT.YMX)00 TO 411 I22S 
Iîl Zl 1*1 , JMax2).GE.YMX)G0 TO 418 1226 

411 CONTINUE 1227 
TPTP=TOTP*PI02*CRPl*R2l I22S 
GO TP 420 1229 

*I0 T0TP=TOTP*PI02*PII.JMAXl)*R21 1230 
tZO CnNTINUC 1231 

I"=IKB1.EQ.2)00 TO 422 1232 
XZ=ZIKPP1.JMAX2I-Z0IKPP1,JMAX2) 1233 
GO TO 423 1234 

422 X7=YMX-YMX0 1235 
423 I'-| X7)42«,«2'1.426 1236 
<2* rxxP=0. 1237 

CXVP=0. 123> 
GO TO 450 1239 

426 XZ7=xD°T 1240 
415 IFIKBPX.LF.OIGO TO 432 1241 

!•: IXZ.GE.CXPIll IGO TO 434 1242 



PO 430 L = l , K P P X 
I F I X 7 - C X D I L ) ) ' 3 0 , 4 3 6 , 4 3 8 

430 CONTINUF 
' 3 2 CXXP = 0 . 

GO TO <40 
' 3 4 CXXP=CXI1) 

GO TO 'v to 
436 CXXP=CXIL) 

GO TO 440 
4 3 ' C X X P = r x l l - l ) H X Z - C X D ! L - l ) ) » ! C X I L ) - C X I L - l ) ) / ! C X D I L ) - C X D I L - l ) ) 
'•-40 CONTINilF 

IF IKPPC.L '^ .OIGO TO 452 
I F I X 7 7 . G F . C V D I 1 ) ) G 0 TO 454 
DO A50 L=1.KPPC 
I F ! X 7 Z - C V D I L ) ) 4 5 0 . ' 5 6 . ' t 5 n 

450 CflNTINUE 
452 CXVP=0. 

GO TO 460 
4 5 ' CXVP=CVI1) 

GO TO 460 
456 CXVP=CV!L) 

GO TO 460 
45 8 CXVP = CV!L-ll»IX7Z-CVDIL-l))*!CVIL)-CV!L-1))/!CVDIL)-CVOIL- 1)I 
460 xnnOT=ITOTP-CXXP-CXVPI/PMASS-980.7 

XPB = XPPnT>-pFLTB 
IFirABSIXDBI .LT.UEPIGO TO '•06 
XD''T = XDPTtxrB 
IFIKoi.F0.21G0 TO 495 
777=7|KPP1.JMAX2)*XDBT*DELT 
!"=I777-ZOIKPP1.JMSX2))480.4 80,4 82 

'"O xnRT=0. 
ZZ7=7PIKPPI,JMAX2) 

482 CONTINUE 
00 4P4 I=KPPI,KPP22 
Z! I,JMAX2) = ZZZ 

'=': ZDOTI I,JM4X2) = XDBT 
U M 111 '•-.<• 

'B5 777=YMX*xnBT»DELT 
IF!ZZZ-YMXOI4B6.'f86,487 

'86 xrBT=o. 
Z7 7=YMXC 

4B7 CONTINUF 
pn '.00 I=KPP1,KPP22 
IFIZII,JMAX2I-YMX1490,489,'89 

'•e9 ZDOT! I,JMAX21 = XDRT 
ZlI,JMAX2I=ZZZ 

490 CONTINUE 
YMX=777 

406 CONTINUF 
DO 150 J=2,JMAX2 
DO 150 I=2,IMAX2 
RI I ,JI=RI I .Jl-fRDOT! I.JI«nFLT 
IF! J.^|C. IM4X2IGO TO 1'6 
IFIKPP.NF.OIGO TO 141 
Z( I .J) = 7!I.JI*700T!I.J I ODELT 
IFIKBl.MF.2IG0 TO I'B 
IF! 71 I,Jl .GF.YMXI7! I ,JI=YMX 
GO TO [A? 

141 IFIKBl.WF.2IG0 TO 140 
1'=! I .LT.KBl IIGO TO 14P 
IF! I.GT.IKP 12*11IGO TO 148 
IFI I.LT.KPPIIGO TO H2 
IF| I.GT.IKPP2-U I IGO TO 142 
I"̂ ! 7( I, Jl .LT.YMXIGO TO 146 
ZlI,JI=YMX 
GO TP I'lf 

l'-2 IF! 7! I,.| I.IT.YMXOIGO TO 1<.6 

1243 
1244 
1245 
12*6 
1247 
1248 
1249 
1250 
1251 
1252 
1253 
12 54 
1255 
1256 
1257 
1258 
1259 
1260 
1261 
1262 
1253 
1254 
1255 
1266 
1267 
125B 
1259 
1270 
1271 
1272 
1273 
1274 
1275 
1275 
1277 
1278 
127a 
1280 
1281 
1282 
1283 
1284 
1285 
1286 
1287 
1288 
1289 
1290 
1201 
1292 
1293 
1204 
1295 
1295 
1297 
1298 
120P 
1?00 
1301 
1302 
1303 
1304 
1305 
1305 
1307 
1308 
1309 

http://IFIKoi.F0.21G0


7 ! I , J I = Y M X O 1310 
GO TO 148 1311 

1»6 Z( I , J I = Z I I , J I » Z P O T I I , J I » C F L T 1312 
148 CONTIi^UF 1313 

I E | I . N E . I M A X 2 I G 0 TO 147 1314 
I F I K B 2 . N F . 2 I G O TO 147 1315 
I F I P I I . J I . G E . Y M S I R I I . J ) = V M S 1314 

147 CONTINUF 1317 
1"=! J . N E . 2 ) G 0 TO 149 1 3 i g 
I ' = |KP3 .NF .2 )GO TO 149 I3I9 
I F ! Z l I . J ) . L E . Y M N ) Z I I . J ) = Y M N 1320 

149 CONTINUE 1321 
I F I J . E 0 . J M A X 2 ) G 0 TO 150 1322 
I F I I . F 0 . I M A X 2 ) G 0 TO 150 1323 
TKE = T K F * P I 0 4 * M Z E R 0 I I . J ) * I ROOT I I , J ) » R D O T I I , J I»ZDOTI I , J l » 1324 

I Z n P T I I , J I » R r O T I I , J » 1 I * R D 0 T I I , J t I I * Z D O T I I , J * 1 I » Z 0 0 T I I , J » 1 I » 1325 
2 ROOT! I U , J * I I •ROOT I I » 1 , J * 1 I * ZDOT I I * 1 , J * 1 l *ZDOTI K - l , J » l I t 1324 
3RD0TI 1 * 1 , J I * R D O T ! U l , J | t Z D O T | I * l , J | * Z D O T I I t l , J | | 1327 

150 CONTINUE 1328 
RETURN 1329 
END 1330 

SUBROUTINF H Y P R 0 2 I R , Z , R D 0 T , Z P 0 T , M Z E R 0 , P , V P , E , R H 0 . R O , Z 0 . S C . S S R , S S Z , 13 31 
1SST,KTX,KTY,KMXI 1332 

IMPL IC IT P F A L * 8 | A - H , 0 - Z I 1333 
DIMENSION P ! I M A X 3 , J M A X 3 I , Z I I M A X 3 . J M A X 3 I . R P O T I I H A X 3 , J M 4 X 3 I , 13 34 

1ZDOTI IMAX3 ,JMAX3 l ,ROI IMAX3 .JM»X3 I .ZO I IMAX3 .JMAX3) .MZEROI IMAX3 .JM4X 1335 
2 3 ) , F | I M A X 3 , J M A X 3 ) , P I I M A X 3 , J M A X 3 ) , R H a i I M A X 3 , J M A X 3 ) , V P ( I M 4 X 3 . J M A X 3 ) . 1336 
3 S C I I M A X 3 , J M A X 3 ) , K T X I I M A X 3 , J M A X 3 ) , K T Y ! I M A X 3 , J M A X 3 ) 1337 
4 , K M X I I M A X 3 , J M A X 3 ) 1338 

DIMENSION S S R I I M A X 3 , J M A X 3 I . S S Z ( I M A X 3 , J M A X 3 I , S S T ( I M A X 3 , J M A X 3 t 1339 
COMMON I M \ X , J M A X , I MA X1,JMAX I , IMAX2 ,JMAX2 , IMAX3 ,JMAX3 .NCYCL. 1340 

I I W , J W , I S T O P , t o o . J O O , I D M , J D M . K B l , K B 2 , K R 3 , K P P , K P P 1 . K P P 2 , K P P X , K P P C , 1341 
2 K P L l , K D L 2 , K B l l , K B 1 2 . K B 3 l , K B 3 2 . N P P . N C L . K X P ! 2 0 I . K Y P ! 2 0 I . K X Y P ( 1 0 0 0 1 1342 
3 . K B 2 1 . K P 2 2 . M U .M12,M21 ,M22 .M3I ,M32 ,KNXI 101 . I OUT 1343 
4 . M I I 1 0 ) . M J I 1 0 ) . M T H I 1 0 ) .MTV I 10 ) . MTC I 10 ) . MTX I WOO) .MTPHOOO) .KNP I 10) 1 3 4 * 

COMMON / A / DELT,DELTO.T IME.DIST,WMAX,T ITLE 1 2 0 ) , P P I 2 0 , 5 0 ) , V V I 2 0 , 5 0 1 1345 
I . P O I 2 0 ) . E 0 I 2 0 ) . G O ! 2 0 ) , C 0 I 2 0 ) , A A ! 2 0 ) , 8 8 1 2 0 ) , C C I 2 0 ) , V 0 ! 2 0 ) , C C P I 2 0 I . 13*6 
2 C C K I 2 0 ) . C P L G I 2 0 I , C R H O I 2 0 I , C E ! 2 0 I , C P I 2 0 ) , C W B ! 2 0 ) . C W N I 2 0 ) . C X I 5 0 ) , 1 3 * 7 
3 C X r i ' ^ 0 ) , C V ! 5 0 ) . C V D I 5 0 ) . C X l ,CX2 ,CX3 , PMAS S , F ZERO , EB, PLUG , PRS I 6 , 1000) 13 *8 
4 , T M F I l o o m , P L G F I I 000 I ,YMX,YMS,YMN,CRPl ,CR02,CRP3,CRE1,CRF2,CRE3, 13*9 
5 R H 0 1 , R H n 2 . R H 0 3 , Z E R M l , Z E R M 2 , 7 E R M 3 , X Y P ! 1 0 l , X E U I 1 0 1 , T K E , T I F , T M , Y M X O 1350 
5 ,THHI 10 1,THV! 101.XME! 10 I . X R H O I I 0 ) . X P R I 1 0 ) . X S S I 1 0 , 5 0 ) , X S R I I 0 , 5 0 ) 1351 
7,X0BT 1352 

PFAL*4 SSP,SSZ,SST,VP,RO,ZO,SC,ROOT,ZDOT,MZERO 1353 
RC/iL*'.. T M F , P L G F , P R S , T I T L E , T I N 1354 
INTEGEP*2 KTX,KTY,KMX 1355 
DATA P I / 3 . 1 4 1 5 0 2 6 5 3 6 / 1556 

504 FORMAT!' PRESSURE-ENERGY ITERATION HAS NOT CONVERGED FOR P O I N T ' , 1357 
1215) 1358 

506 FPRM4TI1H0,7X,'TIME INTERNAL ENERGY KINETIC ENERGY',3X. 1359 
I'TCTAL ENERGY',/*'=15.71 1360 

512 FORM1TI5X,' FORCE ON PLUG EXCEEDS ALLOWABLE VALUE ',2515.71 1361 
513 F0BMATI5X,' ALLOWABLE STRAIN IS EXCEEDEP'I 1362 
514 FORMAT! 16,5E14.51 I " * 
536 FOOMAT( I6,2E14.6,4X.5F14.6I H 6 * 
541 FORMAT!' PRFSSURE ENERGY ITERATION HAS NOT CONVERGEO-TOP'I 1365 
543 FORMAT!' PRESSURE ENERGY ITERATION HAS NOT CONVERGED-BOTTOM') 1366 
542 FORMATC PRESSURE ENERGY ITERATION HAS NOT CONVERGED-S IDE' I 1367 

0IP'=PI/*. 
PI2=PI*2. 

136S 
1369 

PI02 = PI/2. l"0 
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UFP=0. 1 " ! 
oo 220 J=2.JMAXl 1''^ 
DO 220 I=?,IMAX2 l^'^ 
PnTK=0. 1374 
LY=KTYII,J1 1'''5 
LX=KTX!I.JI !'•'* 
I'=l I.F0.IMAX2IG0 TO 202 1^''^ 
11=1+1 13^6 
J1 = J U is^' 
R1=B!II,Jl-BI I,J) I'^O 
Z1=ZI I1.J)-ZII,JI 1'81 
D1=P 1*P U Z 1»71 1382 
Vl=|cpoT! II,JI-BDOT!I,Jl)»P1 + !ZDOTIII, J I-ZDOTI I ,JI)«Z1 1383 
R? = P I 11, Jl )-R! II. J) 13"'' 
72 = 7! II ,J1|-Z! II,Jl 1365 
D2=R2*R2*'2*72 13"* 
V2=IRD0TII1.J1I-RD0TIII.JI1*R2*!ZD0T!I1.J1)-ZD0T!I1.JI)*Z2 1387 
R3 = RI I, Jl )-PI U . J l ) 1368 
73=7!I,J1)-ZIII,J1) 1369 
P3=B3*R3+73*73 1390 
V3=|opnTI I,J1)-RD0TII1,J1))*R3*(ZD0TII,Jl)-ZDOTI II,Jl))*Z3 1391 
R4=R|I,JI-R|I,Jll 1392 
24=711.JI-71I,Jll 1393 
pt = R<.*pi*7'« Z4 139* 
V<=IPPOTI I . JI-RDOTI I.Jl I l»R4-HZD0TI I , J I-ZDPT ! I , Jl I ) *74 1395 
R':=P! Il,Jll-K! I .J) 1395 
Z5=Z!II,J1)-7II.J) 1307 
nt; = Bt;*R5t75*-75 1396 
XliRPOTIIl,Jl)-RDOTII,Jl 1399 
Y'= = ZPOT! I1,J1 l-ZDOT! I.JI 1400 
V5 = X5*Bf + Y5'f75 1401 
fi6=RI 11,Jl-R!1, Jll 1402 
Z6=7!II,J)-Z!I,Jl) . 1403 
D6 = RfR6*76« 75 1404 
X6=BD0T!I1,J)-RDQTII,J1I 1405 
Y6=ZP0T!I1,Jl-ZDOT!I,J1I 1406 
Vt = X6*P6 + Y6«^Z6 1407 
DMST=DMAX1( DMAX1ID1,D3I/OMINlIDl.D3I.PMAX1 ID2.04 I/DMINlI 02. 1408 

1C4I,PMAXl!P5,D6l/nMINllD5,D6lI 140o 
IFIPMST.LE.DISTIGO TO 162 1410 
DIST=P"ST 1411 
IDM=I 1412 
jnM=J 1413 

152 CONTINUE 1414 
ABE4=0.5.IZ5*R5-R5*Z6I 1415 
CTBD = 0.25*|R! 1,JI*R!I,J1I*F!II,JltPIII,JlI I 1416 
VOL=ARFA«CTRD 1417 
IFIBPOTII ,J I.NE.O.OIGO TO 155 1418 
IFIRDOTIU.J ).NF.0.0)00 TO 155 1419 
IFIRDOTd .JD.NE.0.0)00 TO 165 1420 
IF(BpnT( I l,Jl),N<:.0.OIG0 TO 155 1^21 
IF!7DPT(I ,j I.NE.O.OIGO TO 155 . li22 
IF! 7r-nT( I I, J ).NF.0.0)00 TO 155 1423 
IFIznoTII ,J1).NE.O.OIGO TO 165 1424 
IFI7rnT!11,Jll.NE.O.OIGO TO 155 1*25 
DFLV=0.0 1426 
EHOT=RHO!I,Jl 1^27 
PTEMP=0|I,J1 1^28 
ET':MB = r( , , J) ^^^^ 

V P 1 = 0 . 1*30 

GO TO 200 liV31 
165 CONTINUF H 3 2 

BHnT=M7'-P0! I , J I / V O L 1433 
D F L V = l , 0 / P H n T - 1 . 0 / R H O ! I , J | 1434 
I F ( D f L V . G F . O . O I G t ) TO 170 143^ 
" P l = l.. ',4« ARF4*CRH0!LXI*RH0T*RH0T*I 0 F L V / P E L T I * * 2 1436 
GO TO IBO 1437 

1 7 0 V P 1 = 0 . 1 4 3 8 



190 CONTINUE 143, 
PSTAP=n|I,J) l^^O 
IFICPLGILXI.EQ.O.OIOn TO 165 I44I 

182 t2A=APFA»ARFA 1442 
0PDP=IX5«Z5-X5»Z6I/A2A I443 
PZrZ=IY5»R5-Y'*B5)/A2A ,444 
PrP=nELV*OHOT/DELT-!nRDR+rznZI I445 
SSP I I,JI = S'RII,JI*DRDR*DELT I446 
SSZ!I,JI=SSZ!I.JI+DZDZ»DELT I447 
SST(I,Jl = SST!I,J I* RnR*OELT 1448 
IFISSR!I,JI.OF.CPLGILXIIGO TO 18* 1449 
IFISSZ!I,JI.GF.CPLGILXIIGO TO 18* I45O 
IFISSTII,JI.OE.CPLGILXI100 TO 18* I45I 
00 TO 186 1452 

IB' IST0P=2 1453 
1''6 FONTINUF 1454 

GO TP 1250,300),LY I455 
250 P^TIO=1,/|RHOT*VO!LX)) 1456 

IFIPATIO.LE.VVILX,1))00 TO 278 1457 
no 270 L=l,50 1458 
I>^IVVILX,L).F0.0.)GO TO 279 1459 
IF(RATIO-VVILX,LI1290,280,270 1*60 

270 CONTINUE 146i 
PH=0. 1462 
GO TO 2<̂ 5 1463 

278 PH=PP!LX,II 1464 
GO TO 295 1465 

270 L=L-1 1465 
280 PH=PP|LX.LI 1467 

00 TO 2=5 1468 
290 PH = PPILX.L-1)*IRATI0-VVILX,L-1) )«l PPILX.L)-PPILX,L-1I I/IVVILX.LI- 1469 

IVVILX.L-lll 1470 
2'=5 CONTINUE 1471 

HP=PH 1472 
PH=PH*1.0E9»P0ILXI 1473 
IFILX.NF.BIGO TO 296 1474 
IF| HP.IF.135.)00 TO 297 1475 
IFIHP.GF.217.0)00 TO 208 1476 
GrGOILX)t!COILX)-GOILX))»!HP-136)/81.9 1477 
GO TO 299 414''7 

295 CONTINUF • 1478 
IFILX.NF.3IG0 TO 297 1479 
IFIHP.LE.131.IGO TO 297 1480 
IF|HP.GF.32l.)G0 TO 298 1481 
G'00!LX)»ICOILX)-GO(LX))•!HP-131.I/190. 1482 
GO TO 299 1483 

297 0=GO!LXI 1484 
GO TO 2°° 1485 

298 G=CO|LXI 1486 
290 CONTINUF 1487 

C EPUATION OF STATE - SOLIDS AND LIQUIDS 1488 
rH=EO|LX)+0.5*IPH*P0ILX))*IV0ILXI-1./RH0TI 1489 
ETFMP=!FI I.JI*DDTK-0.5*IPH-G*RH0T»EH*VP1»P! I,J I l«DELVI/ 1490 

1 Il.*0.5 + G*RHOT»DELVI 1491 
PTEMP=PH*G*RHOT*!ETEMP-EHI*VPl 1492 
GO TO 200 1493 

300 CONTINUE 1494 
no 100 L=l,20 1495 
ETEMP=E| I , JUPDTK-0.5*!PSTAR*PI I , Jl l*DELV 1496 

lEILX.GT.1100 TO 344 1497 
C EOUATION O'^ STATE - CORE 1498 

PTFMP=AAILXI»nEXPI-BBILXI/(ETEMP*CCILXI)I 1499 
GO TO 3'=0 1500 

34* CONTINUF 1501 
C EOUATION OF STATE - ARGON 1502 

i>TFMP = AAI LX l*ETFMP*RHOT 1503 
350 CUNTINUF 1504 



lOO 

2 0 0 

2 0 2 

PTFMp=PTFMPtVPl 
Ic |n f tBS!PTFMP-PSTAPI /PARS 
PSTAB=PTFMP 
PP INT 50', I , J 
ISTPP=1 
RETURN 
TIE=TIE*PI*MZFRO!I,JI»IET 
W=ICWNILX)*|PTEMP+CWBILX) 

14.0*DARS!DFLV*BH0T) 
lEIW.LE.WMAXIGO TO 210 
WMAX=W 
I W = I 
JW = J 

210 RHO! I . J )=nHOT 
PI I . J ) = PTi^MP 
E l ! , J ) = E T F M P 
V P I I . J ) = V P I 
I F | K " X I I . J I . E O . O I G P TO 22 
L T = K M X I I . J l 
L=MTx(LTI 
IFIMTPILTI.GT.1100 TO 218 
IFITHHILI.LE.O.OIGO TO 22 
M1=MIILI 
M2=MJILI 
AR=B|M1,M2I-R!2.M2I 
W0=Z|M1,M2I-Z!2,M2I 
UI=R!M1,M2I-R0IM1,M2I 
CU1=UI/IAR-U1I 
W3 = WOtW0/l AP^**3I 
11̂ 1 I .NF.2 IGO TO 204 
UP1=P I I + l, J)^*IAR-R! U l , J) 
UT1=!AF-R|I,Jl)*W3«!1.185 
DUP1=UP1/B|1*1,Jl 
UP2=FII*2,JI*!AR-B|I*2,JI 
UPN=0.0 
U R l = n u R l t D U R I * D U R l / 2 . 
GO TP 2 1 5 
\'=t. I . N F . 3 I 0 0 TO 206 
UN1=0.0 
0 0 TO 2 1 1 
I " : ! I . N E . I M l - 2 1 IGO TO 203 
UR?=CU1 
U N l = F I I - l , J I « ! A R - B I I - I , J ) 
0 0 TO 2 1 3 
I F ( I . N ^ . I M l - l ) ) G 0 TO 209 
UB1=CU1 
U.N1=F ! I - l , J | « ! AR-R I I - l , J l 
Ui'N = f l I . J I » ! A R - B ( I . J l 
UT2 = U P I / P I I t I . J l 
D B 2 = ! P I U 1 , J I - R I I . J l 1 / 2 . 
D U P 2 = I U P l - U P N I / l 2 . » - n P ? l 
UB2=rUF2*DUP2*PUB2/2. 
GO TO 214 
UN1 = R I I - l . J I * ! A R - R I I - l , J I 
U P 2 = R I 1 * 2 , J I * ! A P - B I I » 2 . J l 

213 U!'N = B ! I , J l (•(4R-R( I , J 1 
U P l = o ( , t i , j ) , ( 4 R - o ( 1 * 1 , J ) 
DB1 = I R ! I t l , J l - R I I - 1 , J I 1 / 2 
DUPl = | i l P l - U N l l / l 2 . « n R l l 
UT1 = | I |0N*CU1 | /P I I , J ) 
DWB1 = | !Zn( ! * I , J ) - 7 I 1 * 1 , J ) 
URI=DUB1tlDUR1»0UR1*PWRI« 
IF I I . F O . I M l - 1 ) I G O TO 2 1 5 
D R ? = I P I 1 * 2 , J I - B I I . J l 1 / 2 . 
3 U R 2 = ! U P 2 - U P N l / l 2 . * n R 2 ) 
D W B 2 = I 1 7 0 1 1 + 2 . J I - 7 1 1 * 2 , J l 
UT2=!UP1*CU1l/R!1*1,Jl 

IPTFMP + .OOll.LT.0.001100 TO 200 

EMP*EII,JII 
l/IRHOT*AREAII*IDELT/1.2l*»2* 

l*W3*ll.ie5-l.75«PI I*I.Jl/API 
-1.75*R!I,JI/ARI 

|4W3*I1.I85-1.75»R!I+2,JI/ARI 

2 0' 

206 

20" 

209 
211 

214 

215 

I*W3*!I.ie5-1.75«RII-l,Jl/API 

l*W3tll.lf5-1.75«RII-l,JI/ARI 
1>W3*lI.185-1.75»PII ,JI/ARI 

I»W3*!I.1B';-1.7S«R(I-1,))/4R) 
l»W3»! 1. 135-l.75-'o I 1 + 2, JI/ARI 
l»W3*!I.1B5-1.75»RII ,JI/ARI 
)»W3*!I.1F5-1.75*RII*I,J)/AR) 

)-!Z0|I-l,JI-7 1I-l,JlI I7!2.*DR1) 
nWRll/2. 

I-IZOII ,JII l/!2.*nR2l 

1505 
1506 
1507 
1508 
1509 
1510 
1511 
1512 
1613 
1514 
1515 
1516 
1517 
1518 
1519 
1520 
1521 
1522 
1523 
1524 
1525 
1526 
1527 
1528 
1529 
1530 
1531 
1532 
1533 
1534 
1535 
1536 
1537 
1538 
1539 
1540 
1541 
1542 
1543 
1544 
1545 
1545 
1547 
1548 
154Q 
1550 
1551 
1552 
1553 
1554 
1555 
1555 
1557 
1558 
I •;59 
1=60 
1551 
1562 
1553 
1554 
1565 
1565 
1557 
1568 
1559 
1570 
1571 
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U02=DUR2+IDUR2*-DUR2 + nwP2*DWR2l/2. 1572 
216 SST!I,JI=IUT1+UT2I/2. 1573 

SSRI I,JI=IUR l + UR2)/2.+CUl 1574 
00 TO 220 1575 

218 CONTINUE 1576 
IFITHVIL).LE.O.0)00 TO 220 1577 
SST! I,J) = 0.5'< IIPIT. J)-ROII.J) )/R0! I,J) + |0|I ,J + 1 I-ROI I,J+1) )/Rn( I,J 1578 
l+U) 1579 

220 CONTINUE 1580 
T'>L=0.0 1581 
I^IKPLl.EO.OIGO TO 2«0 1582 
no 232 I=KDL1,KPL2 1583 
IFIKBl.NE.2)00 TO 230 1584 
IFI7!I,JMAX2).LT.YMX)G0 TO 221 1585 
IFIZII+1,JMAX2I.GE.YMX)00 TO 230 1586 

221 CONTINUF 1587 
GO TO 232 1588 

230 TPI=TPL + PI02*P|I,JMAX1I»IRII + 1,JMAX2I••2-RI I,JMAX2I**2I 1589 
232 CONTINUF 1590 

IFIPLUG.L"^.0.0)00 TO 240 1591 
IFITPL.LE.PLUGIOO TO 240 1592 
PRINT 512,TPL,PLUG 1593 
IST0P=1 1594 

240 CONTINUF 1595 
IE! ISTOP.NF. 2)00 TO 2'.5 1596 
PRINT 513 1597 
I STO'^= I 1 598 

2*5 CONTINUE 1599 
IF(K°1.NF,2)00 TO 5ia 1600 
IF!ZFPMl.EO.OIGO TO 618 1601 
IF!K'>12.GE. IMAX2)0n TO 612 1*02 
I 1 = KB1 1 1603 
I2=Kni2 1*04 

508 VLM1=0.0 1*05 
AR1=0.0 1*0* 
DO 609 J=I1,12 1*0^ 
IFI700TIJ,JMAX2).NE.O.OIGO TO 611 1*08 

509 CONTINUE 1*0' 
00 TO 61P 1*10 

611 CONTINUE 1*1' 
DO 510 1=11,12 • J6JI 
0 1 = 0 ! I + I . J M A X 2 I - R I I , J M A X 2 I ' * } 3 
Zl = Y M X - 0 . 5 * I Z l 1 * 1 , J M A X 2 l + Z I I . J M A X 2 ) ) l * j 4 
A l = 7 l * P l 
AR1 = AP1+A 1 
C T P P = 0 . 5 * | R | I + 1 . J M A X 2 ) + R I I , J M A X 2 ) I 
VLMI=VLM1+A1«CTR0 

610 CONTINUF 
00 TO 6 14 

512 Il=KBll 
I2=IMAX1 
GO TO 6 08 

614 IFIKP12.LF.IMAX2I00 TO 515 
D1=YMS-RIIMAX2.JMAX2I 
7I=YMX-ZIIMAX2.JMAX2I 
A1=71*D1 
AR 1 = AR1+A1 
CTRn = 0.'^«!YMS*R!IMAX2.JMAX2)) 
VLMl=VLMl+Al«CTRD 

516 CONTINUE 
KJJ=1 
RH0T=ZFRM1/VLM1 
DELV=l./PHOT-l./RHOl 
VP1=0. 
IFIDELV.OE.0.0)00 TO 520 
VD1=1.<,4«»R1*CRH0!M11)*RH0T*RH0T*!0ELV/DELT)»*2 

620 PSTAR=CRP1 

1615 
1616 
1617 
1618 
1619 
1620 
1621 
1622 
1623 
1624 
1625 
1626 
1627 
1628 
1629 
1630 
1631 
1632 
1633 
1634 
1635 
1636 
1637 
163S 



80 

ACH=AA!M11) 1*39 
DPTK=0.0 1**? 
CALL EQSBIPTFMP.FTFMP.CRPl,CRE1,DOTK.DELV,VP1.ACH,RHOT,ISTPI 16*1 
IF!IFTP.FO.OIGO TO 522 1**^ 
PRINT =4 1 1643 

622 TIE = TIF+PI-»7FRM1«!ETEMP+CRF1I 1644 
PHni=PHnT 1645 
CRPi = PT'^MP 1646 
CP'^1 = ETEMP 1647 
PBINT 514,KJJ,PTFMP,ETFMP,RHOT,VPI,DELV 1*48 

610 CONTINUE 1649 
IFIKP3.NE.21P0 TO 53R 1*50 
IFI7FRM3.EO.OIGO TO 533 1*51 
IF!KP32.0F.IM4X2)Gn TO 532 1*52 
II=KB31 1653 
I2=KB32 1*5* 

62P VLM3=0.0 1*55 
CO 62= J=Il,I2 1656 
IF|ZDOT!J,2).NF.0.0)GO TO 631 1*57 

62° CONTINUE 1658 
GP TO 6 3B 1659 

631 CONTINUF 1660 
AB3=0.0 1661 
DP '-30 1=11,12 1**2 
01="!I+l,?)-RII,2) 1653 
7 1 = 0.5«!7!I*1,2) + Z!1,2) )-YMN 1664 
Al = Zl^<ni 1664 
4B3 = AR3 + /'l 1665 
CTRD=0.5*!R!I+l,2)+R!1.2)) 1666 
VLM3=VLM3+A1*CTPD 1667 

630 CONTINUE 1668 
00 TO 6 3', 1669 

632 Il=KB3l • 1700 
I2=IMAX1 1701 
GO TO 62B 1702 

63'̂  IFIKB32.LF, IMAX2)G0 TO 535 1703 
D1=YMS-R!IMAX2,21 1704 
Zl=7!IMAX2.2I-YMN 1705 
A1=ZI*01 1706 
AB3=AB3*41 1707 
CTBn=0.5llYMS+R!1M4X2.2)) 1708 
VLM3=VLM3+A1«CTRD 1709 

636 CONTINUE 1710 
i'JJ = 3 1711 
RHOT=ZFRM3/VLM3 1712 
P'=LV=1./BH0T-1./RHP3 1713 
VP1=0. 1714 
IFinFLV.GF.n.OIGO TO 640 1715 
VPl=1.4i.4P3*CRHO!M31l»RHPT*RHOT«!0ELV/CELTI**2 1716 

640 PSTAB = ,"BP3 1717 
4rH = M(M31l 1718 
CALL EOSB!DTEMP,ETFMP,CRP3,CBE3,nnTK,PELV,VPl,4CH,OHPT,I ST PI 1719 
DDTK=0.0 1720 
I":! ISTP.EO.OIGO TO 642 1721 
PFIMT 543 1722 

6A2 TlF = TI-tPI»ZERM3' IFTCMP + CRE3I 1723 
RHi]3=punT 1724 
CPP3=PTEMP 1725 
CBF3=FTFMP 1726 
BFI' IT ' : i ' ,KJJ ,OTEMP,FTFMP,RHOT,VPI ,DELV 1727 

63F CnNTINlJ": 1728 
I F I K P 2 . N ' ^ . 2 I G n TO f 5 S 1729 
I F ! 7ERM2.'^O.OIGO TO I.^CJ , 1730 
VLM2=0.0 1731 
AP2=0.0 1732 
! F I K P 2 1 . r , c . 2 | G 0 TO S i t , 7 3 3 
D1=YMS-B| IMAX2,2 I 1734 

ftp://FTP.FO.OIGO


81 

71 = ' I P'AX?, 21-YMN 
Al = 7l(.ni 
AR2=tR2+A1 
CTBn = 0.5»(YMS*R!IMAX2,2M 
VLM2=VLM2*A1*CTRD 
11 = 2 
00 TO 6'-6 

644 I1=KB21 

I2=KB22 
648 CONTINUF 

no 6'.0 J=I 1, 12 

1735 
1736 
1737 
1738 
1739 
1740 
1741 
174? 

6't6 IF!KB22.GF.JM4)(2 )r;n TO 652 I743 

1744 
1745 
1746 

1754 
1755 

IF!opnT(IMAX2.JI.NE.O.OIGO TO 651 I747 
549 CONTINUE 174. 

GO TO 658 ,.j^, 
651 CONTINUF 17,0 

00 550 1=11.12 ,75, 
01=YMS-n,5*!R||MAX2.II+R!IMAX?,I+1)) 1752 
Z1 = 7I IMAX2, I+U-ZI IMAX2,I) 1753 
A1=ZI*D1 
AR2=4R2 + A1 
CTPD = 0.'=*IYMS + 0.5*|R I IMAX2, I )*RI IMAX2, I+l) ) ) 1754 
VLM2=VLM2+A1*CTRD I757 

650 CONTINUE I75O 
00 TO 6 54 1759 

552 I2=JMAX1 1740 
GO TO 6*8 1741 

554 I'=!KB22.LE.JM4X2)G0 TO 556 1762 
OI=YMS-R|IMAX2,JMAX2) 1743 
Z1=YMX-ZIIMAX2,JMAX2) 1744 
Al=zi*ni 1745 
<R2 = tR2 + Al 1744 
CTRD=0.5*IYMS+RIIMAX2,JMAX21I 1767 
VLM2=VLM2+A1*CTR0 1768 

656 CPNTINU"^ 1769 
i<JJ = 2 1770 
RHOT=7FRM2/VLM2 1771 
0ELV=l./RHOT-l./RHn2 1772 
VP1=0. 1773 
IFIDELV.OE.0.0)00 TO 550 1774 
VPl = l.'-4*AR2«CRH0!M21)*RHOT»RHOT*IDELV/DELT)»«2 1775 

550 PSTAP=CRP2 ' 1776 
ACH=4A|M2l) 1777 
CALL EQSBI PTEMP,ETEMP,CRP2,CPF2,00TK,0FLV.VP1 .ACH, RHOT, I STP) 1.778 
DPTK=0.0 1779 
IF|ISTO.EO.OIGO TO 662 1780 
PRINT 5i2 1781 

662 TIE = TIE*PI»ZEPM2-«IFTEMP»CRF2) 1782 
RH02=RH0T 1783 
CRP2=PTEMp 1784 
CRE2=ETFMP 1785 
PRINT 514,KJJ,PTEMP,ETEMP,PHOT,VPI ,DELV 1786 

658 CONTINUE 1''87 
FP=TIE+TKF 1788 
PRINT 505.TIME.TIE.TKE.EB 1789 
NCL=NCL+1 1790 
NPN=1 1791 
lEINoD.GT.OIGO TO 243 1792 
IFIKPLl.LF.OIGO TO 249 1793 
GO TO 24 8 1794 

243 CONTINUE 1795 
IFINPP.LE.OIGO TO 248 1796 
NPN=N0P 1797 
00 247 L=l.NPP 1798 
II=I4BSIKXP|L)) 1799 
JJ=IABSIKY0|L)) 1800 
IFIKXPILI.GT.OIGO TO 24* 1801 



PPSIL.NCLl=R!I I,JJl-BOlI I.JJI 
GO TO 247 

2 " IF IKYPIL I .GT.OIGO TO 245 
PRSIL.NCL)=Z! 1 I. JJ )-70!II.JJ) 
00 TO 247 

246 PPSIL.NCL)=P|I I.JJ ) 
2 4 7 C O N T I N U E 
2 4 = C O N T I N U F 

P L G ^ I N C D ^ T P L 
TMFU'CL) = TIMr 

KXYP!'irL)=NCYCL+l 
PRINT 536.KXYPINCL).TMEINCL).PLGFINCL).IPRSIL.NCL).L=1.NPN) 

24'^ CONTINUF 
RFTURN 
END 

1802 
1803 
1804 
1805 
1806 
1807 
1808 
1809 
1810 
1811 
1812 
1813 
1814 
1815 
1816 

SUBROUTINE EaSB!PTEMP.ETFMP,PTP,ETP,nDTK,PELV.VPI,ACH,RHOT.ISTP) 1817 

IMPLICIT R'=4|_*5(4-H,0-Z ) 1818 
ISTP=0 1819 
PSTAF=OTP 1820 
PO 1^2 L=1.20 1821 
[TEMP=ETP*DnTK-0,5*IPSTAR*PTP)*DELV 1822 
DTFMP=4CH«-TEMO*RH0T 1823 
PTFMP=PTFMP*VP1 182* 
IF^n^BS|PTFMP-PST4RI/DABSIPTFMP+0.OOll.LT.O.001100 TO lo5 1825 

1C2 psTAR=PTFMp 1826 
ISTP=1 182T 

105 RFTUBN 1828 
FNn • 1829 

510 
512 

U P O O U T I N 
S T . K T X . K 
M P L I C I T 
I M F N S I O N 
D O T ! I M A X 
I . E ! I M A X 
C I I M 4 X 3 . 
K M X I I M A X 
I MENS ION 
O^IMON IM 
W , .1W, I S 
P L 1 . K P L 2 
K B 2 1 . K B 2 
M I I 101 .M 
OM'^ON / A 
P f l l 2 0 l . F 
r K I 2 0 1 , C 
X D ! 5 0 I , C 
T M F ! 1 0 0 0 
H 0 1 . R H 0 2 
T H H ! 1 0 ) . 
X P " T 

FAI * l SS 
F A L * ' , TM 
N T F G E 0 » 2 
0 P M 4 T I I H 
O K M 4 T ( 111 

F PPI 
TV,KM 
BEAl» 
R| IM 
3.JMA 
3. JMA 
JMAX3 
3, JMA 
SSB! 
^X, JM 
oo, 10 
KP II 
2,Mil 
J! 10) 
/ DEL 
01201 
0LGI2 
VI 50) 
) ,PLO 
,BH03 
THV! 1 

NTF 
XI 
SIA 
AX3 
X31 
X3I 
I ,< 
X3I 
IMA 
AX, 
0,J 
,KB 
.Ml 
,MT 
T,D 
on 

01, 
CV 

Fl 1 
. 7F 
01, 

IR,7,BOOT,/POT,MZFBO,P,VP.E.RHO.RO.70,SC.SSR.SSZ. 

-H,o-ZI 
.JMAX3I.Z!IMAX3,JM4X3I.HrOT!IMAX3.JMAX3l, 
,POIIM4X3,JM4X3l,ZOIIMAX3.JMAX3l,M7FPOIIMAX3,JMAX 
,P!IMAX3,JMAX3I,RH0IIMAX3,JMAX3I,VD|IMAX3,JMAX3I, 
TXI'M4X3,JMAX3I.KTY!IMAX3,JMAX3I 

X3,JMA 
IMAXl, 
00,IPM 
12,KR3 
2.M21, 
H!101, 
FLTO.T 
!201,C 
C P HO I 2 
Dl501 , 
0001,Y 
RM1,ZE 
XME! 10 

X3) , 
JMAX 
. JDM 
l.KP 
M22, 
MTV! 
IME, 
0120 
0) ,C 
CXI, 
MX,Y 
RM2, 
) ,XR 

SSZ!IMAX 
1.IMAX2. 
.KB1,<B2 
32,NOB,N 
M3I,M32, 
101 ,MTCI 
PI ST,'VM4 
I,A4I20I 
EI20I,CP 
CX2,CX3, 
MS,YMN,C 
ZERM3,XY 
HOI 10),X 

3 , J M A 
J M 4 X 2 

KB3 
C L . K X 
K N X I I 
1 0 1 ,M 
X , T I T 
, B B I 2 
1 2 0 1 
PMASS 
R P 1 , C 
P H O I 
P R I 10 

X3I.SST 
,IMAX3, 
KPP.KOP 
BI20I,K 
01.lOUT 
TX! 1000 
LEI20I 
01 ,CC!2 
CWBI20I 
,f ZFRO, 
RP2.CBP 
.XFU!10 
).XSSI 1 

IIMAX3.JMAX3) 
JMAX3.NCYCL, 
I,KP02,KPPX,KOPC. 
YPI20).KXYPI1000) 

).MTPIIOOOI,KNP|10) 
PP(20,50),VVI20,50) 
0),VOI20),CrP!20) , 
,CWM!20),CX|50), 
EB,PLUG,PRSI5,1000) 
3,CRE1,CPF2,CRF3. 
),TKE,TIF,TM,YMXO 
0,50),XSRI 10,50) 

P.SS7.SST.VP,R0,Z0,SC,ROOT,ZDOT,MZERO 
E,PLGE,PBS,TITLE,TIN 
KTX,KTY,KMX 
, 3 P X . 1 B A ' / / I 

0 , ' CYCLE N 0 = ' , I 5 . ' AT T I M E ' . F l ^ . T I 

1830 
lfl31 
1832 
1833 
1834 
1835 
1836 
1837 
1838 
1839 
lfl*0 
1B41 
lfl42 
1843 
IB** 
1645 
1846 
1847 
184,8 
18*9 
1850 
1851 
18':2 
18 53 
185* 
1855 
1856 



51i FPFMATIIHO.' ZONE'.4X. 'R', I'X,'7',12X,'OADIAL VEL.',4X, 
1'AXIAL VF| . .,5X,'PPFSSU0E',7X, 'ENERGY',ox,'DENS ITY',BX,'MASS'. 
2 ox,•MT PH',/• P 7',/l 

516 FORMATIIH ,2I3,BF15.7,I3,I2I 
5in FPRMATIIMO,' 70N?',4X, 'R',14X,'Z',12X,'0APIAL VEL.'.4X, 

I'AXML VEL. ',5X. '0RESSUBF'.6X,'VISCOUS PRESS. ENERGY', ox, • DENS ITY 
2',6X,'MT PH',/• F Z',/l 

=20 EORMAT!IHll 
522 EOPMATIIH I 

PRINT 520 
PPINT =10,ITITLEI I ) ,1 = 1,181 
PRINT 512,NCYCL,TIMF 
IFINCYCL.NE.OIGO TO 30 
PRINT 514 
PO 2" J=2,JMAX2 
no 20 I=2,IMAX2 
PPINT =16,I,J,R|I,JI,Z!I,JI,RP0T(I,Jl,ZPaTII,JI,PII,J|,FII,JI, 
IP HO I I.Jl.MZFRO!I.Jl,KTXII,Jl,KTYII,J) 

20 CONTINUE 
PFINT 522 

25 CONTINUE 
GO TO 50 

30 PRINT 518 
no 45 J=2,JMAX2 
no 40 I=2,IM«X2 
PRINT =16,I,J,R!I,J1.ZII,JI,RP0T!I,JI,ZD0TII,JI,PII,JI,VP!I,JI, 
IFII,JI,R Hfl (1,J|,KTXII,JI,KTYII,JI 

40 CONTINUF 
PRINT =22 

'•5 CONTINUE 
50 CONTINUE 

RETUON 
ENO 

1857 
185B 
1859 
1860 
1861 
1852 
1863 
1864 
1865 
1856 
1867 
1868 
1869 
1870 
1871 
1872 
1873 
1874 
1875 
1876 
1877 
1878 
1879 
1880 
1881 
1882 
1883 
1884 
1885 
1886 
1887 
1888 
1889 

SIIPPOIJTINE PRINTLIR,Z,ROOT,ZOO 
ISST.KTX,KTY,KMXI 
IMPLICIT REAL*8IA-H,0-Z) 
PIMENSION RIIMAX3,JMAX3),Z!IMA 
IZDOT!IMAX3,JMAX3I,PO!IMAX3.JMA 
231,El I MAX3.J MAX3I,PI I MAX3,JMAX 
3SCIIMAX3,JMAX3I,KTX!IMAX3,JMAX 
4,KMXIIMAX3,JMAX3I 
DIMENSION SSPIIMAX3,JMAX3),SSZ 
DIMENSION UK 12) ,U2! 12) ,U3I 12) 
lUBI 121,UA! 12),UB! 12),UCI12),UD 
COMMON IMAX,JMAX.IMAXl.JMAXl,I 
IIW,JW,ISTOP,IOQ,JOO,IDM,JDM,KB 
2KPLl,KOL2,KBll,KR12,KB31,KP32 
3,KP21,KB22,M11,M12,M21.M22.M31 
'• ,MI I 101 ,MJ! 101 ,MTHI 101 ,MTVI 101 
CCMMON 1111101,1121101,1211101 
1J22!10I,I1X,I2X,JIX,J2X,KKI120 
COMMON /A/ DELT,PELTO,TIME,DIS 
1,P0!20 I,501201,001201.CO!201.A 
2CCK!20I,CPLGI20I,CRHO!20I,CEI2 
3CXO!=OI.CV!=OI,CVD|50I,CX1,CX2 
*,TMEI1000 1,PLGE|1000),YMX,YMS, 
5RHnl,RHO2,RH03,ZERMl,ZERM2,ZER 
5,THH!10),THVI 10).XMEI 10),XRHOI 
7,XDBT 
REAL+4 SSB,SSZ,SST,VP,RO,ZO,SC 
PEAL"4 Ul,U2,U3,U4,U=,U6,U7,U8 
RFAL»4 TME,PLGF ,PRS,TITLE,TIN 

T, MZER 0 , P, VP, F,R HO,RO,Za , S C S S R . SSZ. 

X3 ,JMAX3l ,RDOT! IMAX3,JMAX3l , 
X3l ,ZOI IMAX3,JMAX3) .M7FRO!IMAX3,JMAX 
3 ) , R H O I I M A X 3 , J M A X 3 ) , V P I I M « X 3 , J M A X 3 ) , 
3 ) . K T Y I I M A X 3 . J M A X 3 ) 

I IMAX3 .JMAX3 I .SST I IMAX3 .JMAX3 I 
. U 4 I 1 2 1 . U 5 ! 1 2 1 ,U6 I12 1 , U 7 ! 1 2 1 , 
I 121,UEI 12I,UI12I 
MAX2,JMAX2,IMAX3,JMAX3,NCYCL. 
l,KB2,Kfl3.KPP.KP01,KPP2.KPPX,KPPC, 
NPP,NCL,KXPI20I,KYP!201,KXYPI10001 
,M32,KNXI101,lOUT 
,MTCI101,MTX!10001,MTPIIOOOI,KNP!101 
1221101,Jll(10l,J12!10l,J21l10 I, 
I 

BBI201,CCl201.vn1201.CCPI20I. 
201.CWBI201,CWN!20I,CXI 50 I, 
MASS,EZFRO,EB.PLUG.PR SI 6.10001 
Pl.CRP2,CRP3,CPFl,CRE2,CRE3, 
I 101,XEUI101,TK6,TIE,TM,YMX0 
RHOI,XSSI 10,501,XSR (10.50) 

,ROOT,ZDOT,MZERO 
.UA.UP.UC,UP,UE,U 

1890 
1891 
1892 
1893 
189* 
1895 
1896 
1897 
1898 
1899 
1900 
1901 
1902 
1903 
190* 
1905 
1O05 
1O07 
1908 
1909 
1910 
1911 
1912 
1913 
191* 
1915 
1916 
1917 
1918 



84 

1 
2 
3 
4 
5 
6 
7 
8 
9 
A 
A 
A 

U? 
U3 
U': 
U5 
U6 
U7 
UP 
UA 
UB 
UC 
UP 
!)F 

REAL*'- RM,ZM,BDDTM,ZDOTM,SMP,SMZ.SMT,PM,FM,VPM,PHOM 
INTEGFR:<2 KTX,KTY,KMX 

TATA Ul /' RADIAL POSITION OF GRID POINTS AT TIME 
AXIAL POSITION OF GRID POINTS AT TIME 

RAOIAL VELOCITY OF GRID POINTS AT TIME 
AXIAL VELOCITY OF GRID oplNTS AT TIME 

PRFSSURE OF ZONES AT TIME 
VISCOUS PRESSUBF OF ZONES AT TIME 

SBECIEIC INTERNAL ENERGY OE ZONES AT TIME 
DENSITY OF ZONES AT TIME 

•RADIAL DISPL4CEMFNT OF GRIP POINTS AT TIME 
AXIAL DISPLACEMENT OF GRID POINTS AT TIME 

RADIAL STRAIN OF ZONES AT TIME 
AXIAL STRAIN OF ZONES AT TIME 

ANGULAR STRAIN OF ZONES AT TIMF 
SMR=o. 
SM7=0. 
SMT=0. 
RM = 0. 
7M = 0. 
RnoTM=0 
ZnoTM=0 
PM = 0 
VPM = 0 
EM = 0 
RHOM=0 

on 80 J=2,JMAX2 
DO 80 I=2,IM/'X2 
RM=AMAX1IRM,SNGL!DABS|R|I.JI-ROII,JIIII 
7M=AMAX1!7M,SNGL!DABS!7II,JI-ZOII,JIIII 
R0nTM=AM4xl!R00TM,ABS!RD0T! I,Jl I I 
ZDOTM=AMAX II 7D0TM,ABSIZDOTI I,J I I) 
SMB=AM4X1I SMR,5BSISSBI I,Jl I 1 
SM7=AM4X1!SMZ,ABSISS7! I.Jl I I 
SMT=4M4X1ISMT,ABSISSTII,JIII 
IFII.EO.IMAX2 I 00 TO 80 
IF!J.F0.JMAX2IGO TO 80 
PM=AMAX1!PM.SNGLIDABSIP! I,Jl I I I 
EM=AMAX1!FM,SNGLI0ABSIEI1,JlI I I 
VPM=AM4XIIVPM,4BSIVPII,JIII 
RHOM = AMAX1!RHOM,SNGLIDABSIFHDII,Jl I I I 

BO CONTINUE 
IFINCYCL l'<5,85,R8 

85 CONTINUE 
RM=R|IM4X2.2I 
7M=7!2,JMAX2) 
DO 101 K=l,12 

101 U!KI=U1!KI 
DO 86 J=2,JMAX2 
PO B*̂  1 = 2. IMAX2 
SCII.Jl=RII.Jl 

B5 CONTINUE 
CALL ni<:p(sc,SC,RM,u . I 2X . J2X . I 21 . I 22 . J2 I , J22 , KK I 
PO 102 K=l,12 

102 UIKI=U2(KI 
DO 87 J=2,JMAX2 
DP 07 1=2,IMAX2 
SC! I.J 1 = 7! I.Jl 

87 CONTINUE 
C H L PISP!SC.SC.7M,u ,I2X,J2X, I21,I22.J2l.J22.KKI 
GP TO 100 

8B CONTINUF 
DP OO J=2.JMAX2 
00 00 1=2.IM4X2 • 
SCI I.JI=PI I,Jl-BO!I,JI 

90 CONTINUE 
DO 109 K = l, 12 

1919 
1920 
1921 
1922 
1923 
1924 
1925 
1926 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1038 
193° 
1O40 
1941 
1942 
1943 
194* 
1945 
19*6 
1947 
1946 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1'550 
1961 
1952 
1953 
1064 
1955 
1955 
1967 
1958 
1069 
1970 
1971 
1972 
1973 
1974 
1075 
1976 
1077 
1078 
1979 
1980 
1°81 
1982 
1983 
1984 
1985 



100 

95 

110 

100 

103 

104 

105 

96 

106 

107 

98 

U l 

112 

113 

U!KI=UA( 
CALL DIS 
no 95 J= 
ro 95 != 
SCI I,JI = 
CONTINUE 
00 U O K 
U(K l=UB( 
CALL nis 
CONTINUF 
DP 103 K 
UlK)=U3( 
CALL DIS 
DO 10* K 
U(K)=U'.! 
CALL DIS 
no 105 K 
UIK)=U5! 
DP 96 J = 
nu 06 I = 
S'" I I,JI = 
CONTINUE 
CALL OIS 
no 105 K 
UIK 1=116! 
CALL PIS 
PO 107 K 
UIKI=U7| 
DO 97 J = 
DO 07 1= 
srII,J| 
CONTINU 
CALL DIS 
00 108 K 
UIK|=UB| 
DO 0 0 J= 
DO 9fi 1= 
SCI I,J) = 
CONTINUF 
CALL DIS 
00 III K 
U!K)=UCI 
CALL PIS 
DO 112 K 
UIK)=UOI 
CALL DIS 
00 113 K 
UIK)=UEI 
CALL DIS 
PB INT "̂ 3 
FORMAT!1 
RFTURN 
END 

K ) 
PISCSC.RM.U ,I2X,J2X,I2I,I22,J21,J22.KK) 
2.JMAX2 
2.IMAX2 
71 I,JI-ZO!I.Jl 

= 1.12 
K I 
PISC.SC.ZM.U .I2X.J2X.I21.I22.J2l.J22.KKI 

= 1,12 
K I 
PISr,RO0T,BD0TM,u ,I2X,J2X,I21,I22,J21,J22,KK| 
= 1, 12 
Kl 

P!SC,ZDOT,ZPOTM,u ,12X,J2X,I 21,I 22,J21,J22,KK: 
= 1.12 
'I 
2.JMAX2 
2,IMAX2 
PI I.Jl 

P!SC,SC,PM,U ,1 IX, J IX, I 11,1 12, J U . J l 2.KK I 
= 1,12 
K I 
PI SC ,VP,VPM,U , I IX, JIX, III , I 12, J U , J12,KKt 
= 1,12 
K I 
2, IMAX2 
2,IMAX2 
FlI,Jl 

PISC.SC,FM,U ,IIX,JIX,IU,112.J11,J12,KKI 
= 1, 12 
Kl 
2.JMAX2 
2.IMAX2 
RHOII.Jl 

PI5C,SC,RH0M,U ,I1X,J1X,I11,II2.J11,J12,KKI 
= 1,12 
Kl 
PISC,SSR,SMR,U .I2X.J2X.I21,I22,J2l.J22.KKI 
= 1. 12 
Kl 
PISC.SSZ.SMZ.U .I2X.J2X.121.I22,J2 1.J22.KKI 
1.12 

K) 
PISC.SST,SMT,U ,I2X,J2X,I2l,I22,J2l,J22,KK) 
0 
HI) 

1986 
1987 
1988 
1989 
IO90 

1991 

1992 

1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2023 
2024 
2025 
2024 
2027 
2028 
2029 
2030 
2031 
2032 
2033 
2034 
2035 
2036 
2037 
2038 

SUBROUTINE PISPIKE,A,AMAX.U.IX.JX,I 1,I2.JI,J2,KK) 2039 

IMPLICIT REAL-«8! A-H,0-Z) 2040 
PIMENSION KC IIMAX3, JMAX3).A! IMAX3,JMAX3),U! 12) . U l 1 0 ) , I 2 U 0 ) , 2041 
IJll10),J2I10),KKI120) 2042 
COMMON IMAX,JMAX,IMAXl,JMAXl,IMAX2.JM4X2.IMAX3,JMAX3,NCYCL. 2043 

1IW,JW,IST0P, 10,5. J0C1.IDM.JDM,KB1,KB2,K83,KPP,KPP1,KPP2,KPPX,KPPC, 204* 
2 K P L 1 . K O L 2 . K P U . K B 1 2 . K P 3 1 . K B 3 2 . N P O , N C L . K X P I 2 0 I .KYP I 20 I .KXYPI 1000 1 20*5 
3 , K B 2 1 . K B 2 2 . M 1 1 . M 1 2 . M 7 l , M 2 2 . M 3 1 . M 3 2 . K N X I 1 0 ) . I OUT 2 0 * 6 

http://I2X.J2X.I21.I22.J2l.J22.KKI


4 , M I | l n ) , M J | 1 0 ) , M T H I 101,MTV I 10 ) ,MTCI 101 .MTX! 1 0 0 0 ) . " T P I I O O O ) , K N P ! 1 0 ) 
COMMON / A / DELT ,DELT( l ,T IME .n i ST,WMAX,TITLFI 20) . P O ! 2 0 , 5 0 ) , V V I 2 0 , 5 0 ) 

1 , P O I 2 0 I , E O I 2 0 I , 0 0 ! 2 0 I . C O I 2 0 I . A A ! 2 0 I , P B ! 2 0 I , C C ! 2 0 I , V O ! 2 0 I . C C P | 2 0 I . 
2 C C K ! 2 0 I , C O L O I 2 0 I , C P H O I 2 0 I , C E I 2 0 I , C P | 2 0 I . C W P | 2 0 I , C W N I 2 0 I . C X ! 5 0 I , 
3 C X D | 5 0 ) , C V ( 5 0 ) , C V D I 5 0 ) , C X l , C X 2 , r x 3 , P M A S S , E Z E R O , E B , P L U 0 . P R S I 5 . 1 0 0 0 ) 
' ' . T M E ! 1000 I , PLGF! 1 0 0 0 1 . YMX.YMS.YMN.CRPl .CRP2.CRP3.CRF1,CRF2,CBE3, 
5RH01 .RH02 ,RH03 .ZERM1,ZERM2.7FRM3.XYPI10 I .XEU!10 I .TKF .T IE ,TM,YMXO 
6 ,THHI 101 ,THVI 10 I ,XMEI 10 I ,XRHOI10 I ,XPRI 10 I ,XSSI 1 0 , 5 0 I , X S R I 1 0 , 5 0 I 
7 , x n o T 

R E A L " u 
BE4L..4 A,AMAX 
B E A L " TMF,PLGF,OPS,T ITLE ,T IN 

=00 FORMAT! IH l l 
502 FORMAT!25X,1BA4| 
50'. F0RM4TI 1 H 0 , 5 X , 1 1 A ' » , E 1 5 . 7 , • AND C - T I ME= ' . E 1 5 . 7 , ' AT C Y C L E - ' , 1 4 1 
508 FORMATIIH ,5X, 'MAXIMUM ABS. VALUE = ' , E I 5 . 7 , ' TO SMALL-NO PRINTOUT' 

11 
510 FnRMAT(lH ,5X, 'MAXIMUM ABS. VALUE = ' , E I 5 . 7 , > SCALE FACTOR = ' , F l 0 . 2 

I I 
512 FORMAT! IHO.2X. ' R ' , 2 5 I 5 I 
= 1 ' . FORMAT! I ' , I X , 2 5 1 5 1 
515 FORMAT!3X, 'Z ' I 

CMAX=AMAX 
IFIAMAX.FO.OIGO TO 240 
1 = 0 
pn 30 J = l , 1 0 0 
KAM=AM4X 
I F I K 4 M . F Q . 0 I G 0 TO 40 
4M4X=0. l>» AMAX 
1=1 + 1 

30 CONTINUF 
40 pn 50 J = l , 100 

AM4X=10.»4MAX 
KAM=AMAX 
IF IKAM.r.T.OIGO TO 60 
1 = 1 - 1 

50 CONTINUF 
GO TO 240 

50 I F I 4 M A X . G T . Q . 0 9 9 I 1 = 1 + 1 
C = 10.+ M ' - l I 
00 BO J=2,JMAX2 
CO BO 1=2, IMAX2 
KC! I . J l = A I I . J I » C 

90 CONTINUE 

DO 200 1 = 1 . I X 
Do 200 J = 1 . J X 
OB PIT '00 
PFINT 5 0 2 . I T I T L E I K I . K = 1 . 1 8 1 
PBINT " i 0 4 . ! U ! K ) . K = l . l l ) , T I M E , 0 F L T , N C Y C L 
PRINT Eio,CMAX,C 
K 1 = I 1 I I I 
K 2 = I 2 ! I I 
op INT = 1 2 , I K K I K l , K = K I , K 2 I 
PR INT 516 
L 1 = J 1 ! J l 
L 2 = J 2 I J ) 
DO I 'O L = L 1 , L 2 
PPIMT 5 1 ' ,L , I K C ! K , L I . K = K l , K 2 l 

I ' D CiMTINi lF 
200 CONTINUE 

GO TO 300 
2'-0 PRINT ECO 

POINT = 0 2 , I T I T L E I K I , K = 1 , 1 9 ) 
po INT =0^ , I U I K I , K = 1 , 1 1 | , T I M E , 0 E L T , N C Y C L ' 
PPINT 50P,CMAX 

300 RETURN 
Er!D 

2047 
2048 
2049 
2050 
2051 
2052 
2053 
2054 
2055 
2055 
2057 
2058 
2059 
2060 
2 0 6 1 
2062 
2063 
2 054 
2065 
2065 
2057 
2 068 
2069 
2070 
2071 
2072 
2073 
2074 
2075 
2075 
2077 
2078 
2079 
2080 
2081 
2082 
2083 
2084 
2085 
2086 
2087 
2088 
2089 
2090 
2091 
2092 
2093 
20O4 
2095 
20O6 
2097 
2098 
2099 
2100 
2101 
2102 
2103 
2104 
2105 
2106 
2107 
2108 
2109 
2110 
2111 
2112 
2113 



87 

SUBROUTINE PKT |a,Z,P.L4STl 
IMPLICIT RFAL»B(A-H,0-2I 
DIMENSION IXK 501 , 1X2(501 ,JX1(5 
DIMENSION RIIM4X3,JMAX3I,ZIIMAX 
DIMENSION LAMEI50I,LLAMEI1 I,NX1 
DIMENSION AXI20I 
COMMON IM4X,JMAX,IMAXl,JMAXl, I M 
1IW,JW,ISTOP,IOC),JOO,IDM,JPM,K0 1 
2KPL1,KPL2,KP11,KB12,KB3I,KB32.N 
3.KB2I,KB22.M11.M12.M21.M22,M31 
'•.MIIIOI.MJIIOI .MTHI 101 , MTV! 101 
COMMON 1111101.1121101,1211101, 
1J22II0I,I1X,I2X,J1X,J2X,KKI1201 
CO'<MOf.j 74/ DELT,.^E(_TO,TIME,PIST 
I,Pal20l,rOI20l.001201,C0!20I,AA 
?CCKI201,CPLG!20I.CRHOI20 I.CEI 20 
SFxyi-^oi .CVI50I .cvoi 501 .CX1.CX2 
-. .TME (1000 I .PLGF ( 1000 1 .YMX. YMS, 
EPH0 1,RHn2,OH03.ZERMl,zERM2.ZFBM 
5.THH(10 1.THV(101,XME! 101.XRHOI 1 
7,XDBT 
RFAL»4 SSR,SSZ,SST,VP,BO,ZO,SC, 
REAL»4 TME,PLGE,PRS,TITLE,TIN 
RFAL^»4 DEL.P l.R2,RR ,RP1 ,RR2,ZZ. 
RE4L*4 PMAX,PZ,PP1 
RFAL*4 AX.TMM 
INTE0FR»2 KTX,KTY,KMX 
IFILASTI20.40.40 

2 0 C r i N T I N U E 
CALL FINIT!1,2I 
BEAD 520,N 
OPTNT 520,N 
IFINI22,22,21 

21 REAP 520,!IXlILI,IX2ILI,JXlILI. 
POINT 520.I 1XIILI.IX2ILI.JXIILI 

22 CONTINUE 
520 FORMATI12I6I 
530 FORMATI1PA4I 

READ 522.NNM,PMAX 
DB. INT 523.NNM,PMAX 

522 FORMAT!16,F12.01 
IFINNMI32,32,30 

30 READ 520, INX ML I ,L=l.NNM| 
PPINT 520,INXIILI,L=l,NNM) 
DO 3 1 L=1,NNM 
J=IABSINX KL ) ) 
IFINXKL ) 127,31 ,29 

27 CALL CONVO(' ("'=",121 '.LAME(LI. 
GO TO 31 

29 CALL CDNVOI'!"R=",121•.LAMEILI. 
31 CONTINUE 

523 FORMAT!16,515.71 
531 EORMATI IHO.18A4I 
32 CONTINUF 

NNN = 0 
CALL FLINDIl) 
CALL FLINWI2I 
CALL ECHSZI3I 
CALL FTEXTITITLE.72.1.100.2000) 
CALL FCHS'I2) 
CALL F'-'APEAI 2200.2200) 
CALL FXYTRNI 1000.10001 
CALL FA0VI4) 
R5=0!2.2) 
IF!K''3.E0.2)GO TO 34 
Z=='I2.2) 
GO TO 36 

0) .JX2I50) 
3,JMAX3),PIIMAX3,JMAX3) 
150) 

AX2,JM4X2 , IMAX3, 
,KB2,KB3,KDP,KOP 
P P , N C L , K X P I 2 0 ) , K 
M32,KNXI 1 0 ) , lOIIT 
MTC!101 .MTXI1000 
122! 101 . J U ! 101 . 

, W M A X , T I T L F I 2 0 I , 
1201 , 8 8 1 2 0 1 , C C ! 2 
I , C D | 2 0 I ,CWR!20I 
CX3,PMASS,EZERO, 
MN.CRPI,C 0P2,CRP 
3 , X Y P I 1 0 1 , X F U I 1 0 
01 ,XPP!101 ,XSS!1 

ROOT,ZDOT,MZERO 

Z71.ZZ2 

JMAX3.NCYCL. 
1.KPP2.KDPX,KPPC, 
YPI201,KXYPI10001 

I,MTPIIOOOI,KNPI101 
J12I 10I,J21I 101, 

PP|20,50I,VVI2O,50l 
01,VOI20I,CCP|20I, 
,CWN!20I,CX1501, 
EB,PLUG,PRSI6,10001 
3,CRE1,CRF2,CRE3, 
I,TKE,TIE,TM,YMXO 
0,501,XSRI10,50I 

JX2ILI,L=1.NI 
,JX2ILI.L=I.NI 

O.KRB.Jl 

O.KRR.Jl 

211* 
2115 
2116 
2117 
2118 
2119 
2120 
2121 
2122 
2123 
212* 
2125 
2126 
2127 
2128 
2129 
2130 
2131 
2132 
2133 
213* 
2135 
2136 
2137 
2138 
2139 
21*0 
21*1 
21*2 
&2l*2 
21*3 
21** 
2 1*5 
21*6 
21*7 
2 1*8 
21*9 
2 150 
2151 
2152 
2153 
215* 
2155 
2155 
2157 
2158 
2159 
2160 
2161 
2162 
2153 
216* 
2165 
2166 
2157 
2168 
2159 
2170 
2171 
2172 
2173 
217* 
2175 
2176 
2177 
2178 
2179 



34 Z5=YMN 
35 CONTINUE 

IFIKB2.EC.2IG0 TO 35 
R6=BIIM4X2,JMAX2I 
GO TP 3B 

35 R6=YMS 
38 CONTINUF 

IFIKBl.EP.2100 TO 37 
Z6=7IIMAX2,JMAX2I 
GO TO 39 

37 76=VMX 
30 CONTINUE 

03=R6-P5 
73=Z5-Z5 
IF!P3-73I24,24.26 

2'- Rl = 0.05»7 3 
R2=73+7.»R1 
GO TO 28 

26 R1=0.05*P3 
R2=R3+2.*RI 

28 CONTINUF 
L4ST=0 
B 1 = -R1 

40 CONTINUE 
TMM=TIME 
CALL CaNV0!'l"CYCLE=",I4," TIMF=",F11.8I',AX,0,KRR,NCYCL,TMM| 
C-1LL FDATMI2I 
CALL FXYLIM|R1,R1,R2,B2I 
PO 60 1=2,IMAX2 
11=1+1 
DO 60 J=2,JMAX2 
J1=J+1 
RR=R!I,JI-R5 
ZZ=ZII,JI-Z5 
I F I I . F n . I M A X 2 I O O TO 50 
PR 1 = B( I I , J I - R 5 
771 = 71 I I , J I - Z 5 
CALL FLNSGIRR.77,RR1,7ZII 

50 IE|J.E0.JMAX2IOO TO 50 
RRl=B! I,Jll-R5 
ZZ1 = 7I I,Jll-'5 

CALL FLNEGIRB,7Z,RR1,ZZ1) 
60 CONTINUE 

IFIKBl.NE.2IG0 TO 51 
BB=R|2,JM4X2I-R5 
77=ZI2,JM4X2I-Z5 
BR1=PR 
Z71=YMX-Z5 
CALL FLNSG!PR,7Z,RR1,ZZ1I 
IFIKO2.E0.21GO TO 57 
RR=P|IMAX2,JMAX2I-R5 
ZZ=7|IMAX2,JM4X2I-Z5 
RPl=op 
CALL ELNSGIRF,7Z,RB 1,ZZ1I 
RR1=BR 
Z7=771 

RR=R12,JM4X2I-P5 
GALL ELNSG!RB,Z7.RR1,771I 
GO TO 6 1 

57 CONTINUF 
PR 1 = VMS-B'; 
Z7=Z'I 
CALL FLNSGIRR,77,RRl,771 I 

61 IF|K''3.NE.2IGO TO 62 * 

BP=B I2,2I-P.5 
77=712,21-75 
R P 1 = R R 

2180 
2181 
2182 
2183 
2184 
2185 
2186 
2187 
2188 
2189 
2190 
2191 
2192 
2193 
2194 
2195 
2196 
2197 
2198 
2199 
2200 
2 201 
2202 
2203 
2204 
2205 
2205 
2207 
2208 
2209 
2210 
2211 
2212 
2213 
2214 
2215 
2?15 
2217 
2218 
2210 
2220 
2221 
2222 
2223 
2224 
2225 
2225 
2227 
2228 
2229 
2230 
2231 
2232 
2233 
2234 
2235 
22 3 5 
2237 
223fl 
2239 
2240 
2241 
2242 
2243 
2244 
2245 
22*6 



771=YMM-Z5 
CALL F L N S G I R R , Z Z , R R l , Z Z l I 
! = I K B 2 . E 0 . 2 I G O TO 58 
R « = P ! I M A X 2 , 2 1 - P 5 
7 7 = 7 1 I M 4 X 2 , 2 1 - 7 5 
P F 1 = R R 
CALL FLNSGIRR,ZZ.RR I . Z Z l I 
OF1=0R 
Z Z = Z Z 1 
R S = R 1 2 . 2 1 - 0 5 
CALL FLNSGIRR,7Z,R0I,ZZl) 
GO TO 62 

58 CONTINUE 
PR 1 = YMS-R5 
77=771 
CALL ELNSGIPR.ZZ.RR 1,771 ) 

62 IF!KB2.NF.2)00 TO 63 
0R=YMS-R« 
BP1=RR 
77='!|MAX2,2)-Z5 • 
771=71IMAX2,JMAX2)-Z5 
IFIKBl.Fp.217Zl=YMX-Z5 
IE(KB3.F0.2IZ7 =YMN-Z5 
CALL FLNSGIRR,7Z,RRI,;7iI 
IE|Kai.FP.2IOO TO 55 
HR=RIIMAX2,JMAX21-R5 
ROl=YMS-R5 

12 =Z(IMAX2,JMAX2I-Z5 
7Z1=ZZ 
C^LL FLNSGIRR,ZZ,RR 1,ZZ1I 

65 CONTINUE 
IE(KO3.F0.2IGO TO 53 
RR=R(IMAX2,2I-R5 
RRl=YMS-R5 
77=7(IMAX2,2I-Z5 
2Zl=ZZ 
CALL FLNSGIRR,ZZ.RRl,Z71I 

63 CONTINUE 
I F ( N I 7 9 , 7 9 , 5 4 

64 CONTINUE 
no ""B L= 1 ,N 
IP1=IX1(LI 
IP2=IX2(L1 
JP1=JX1(L) 
JP2 = JX2(L ) 
IFII02-IP1166,65,72 

56 1=101 

KP2=JP2-1 
no 70 J=JPl,KP2 
JI = J + 1 
RR=R(I,JI-R5 
n = 7( I,JI-75 
PR1=RII.Jll-R" 
771=ZII.J1I-Z5 
DO 6 8 K=1,3 
CALL FLNSGIRR,ZZ,RBI,ZZll 

68 CONTINUE 
70 CONTINUF 

GO TO 78 
72 J=J01 

KP2=IP2-1 
00 76 I=IP1,KP2 
11=1*1 
BR=RI I,JI-B5 
ZZ=ZII,JI-Z5 
RRl=oI I I.JI-R5 
ZZl=ZII1,JI-Z5 

2247 
2248 
2249 
2250 
2251 
2252 
2253 
225* 
2255 
2256 
2257 
2258 
2259 
2260 
2261 
2262 
2263 
2 2 54 
2255 
2255 
2267 
2266 
2259 
2270 
2271 
2272 
2273 
2274 
2275 
2276 
2277 
2278 
2279 
2280 
2281 
2282 
2283 
228* 
2285 
2286 
2287 
2288 
2289 
2290 
2 291 
2292 
2293 
229* 
2295 
2296 
2297 
2298 
2299 
2 300 
2301 
2 302 
2303 
2 30* 
2305 
2 306 
2307 
2308 
2309 
2310 
2311 
2312 
2313 



90 

7 ' 

7 6 
7 3 
7 9 

U O 

1 2 0 

1 2 2 

1 4 0 

1 5 0 

1 6 2 

I P O 
i<;o 

2 0 0 
2 2 0 

8 0 

PO 7 4 K = l , 3 

C A L L F L N S G I R R , Z Z , B R 1 , 7 7 1 1 
C O N T I N U F 

C O N T I N U E 
C O N T I N U E 
C O N T I N U E 
C A L L F T F X T ! A X , 2 7 , 1 , B 2 » . 0 5 

C A L L E f t o v l ' , 1 
I F I N N M I 2 2 0 , 2 2 0 , 1 1 0 
R B 1 = P M A X * I . 1 

P A L L F X Y L I M ! R 1 , R 1 , R 2 . R R 1 1 
DO 2 0 0 K = 1 , N N M 
L L A M F I 1 I = L A M E ( K 1 

CALL F T E X T 1 A X , 2 7 , l , R 2 » . 0 5 
C A L L F T E X T ( L L 4 M F , v , 1 , P 2 * . I 
l E I N X l I K 1 1 1 2 0 , 1 6 0 , 1 6 0 

J = I A B S ! N X 1 I K 1 1 
R R = P ! 2 , 2 I - P 5 
7 7 = 0 . 
P R 1 = R | I M 4 X 2 , 2 I - R 5 
I E | K B 2 . E 0 . 2 | B R 1 = Y M S - R 5 
7 7 1 = P M 4 X 
n o 1 2 2 L = l , 3 
C A L L F L N S G I R R , Z Z , R R l , Z Z 1 
C A L L F L N S G I R R , 7 Z , R R , 7 7 1 1 
C O N T I N U E 
1 1 = 2 
I 2 = I M A X 
0 0 1 4 0 I = 1 1 , 1 2 
P B = R I I , J I - R 5 
P7 = P I I , J I 
I F ! D 7 . r , T . P M A x ) B 7 = P M A X 
R R 1 = P | I + I , J ) - B 5 
P P 1 = P ! 1 * 1 , J l 
I F | P P 1 . G T . P M A X ) P P 1 = P M A X 
C A L L F L M S G I R B , P Z , B R 1 , P P 1 ) 
C O N T I N U F 
GO TO l o p 
I = N X 1 I K I 

R B = Z I 2 , 2 ) - " Z 5 
I E | K B 3 . F 0 . 2 ) P B = Y M N - 7 = 
27 = 0 . 
R P 1 = 7 ! 2 , J M A X 2 ) - Z 5 
I F I K B l . F 0 . 2 | R R 1 = Y M X - Z 5 
7 7 1 = P M A X 
DO 1 6 2 L = l , 3 
C A L L F L N S G I R R , Z 7 , B B I , Z Z l 
C « L L E L N S G ( R R , 7 Z , R P , 7 7 1 1 
C O N T I N U E 

J l = 2 
J 2 = J M » x 
n o I S O J = J 1 , 12 
R F = 7 ( I , J I - 7 5 
P 7 = P I I , J l 
I E | P 7 . G T . P M A X | P Z = P M A X 
B R 1 = ' ! I , J + l l - Z 5 
P P l = P | I , J + l l 
I E | P P 1 . G T . P M A X I P P 1 = P M A X 
C A L L F L N S G I F R , 0 Z , R P 1 , P P 1 I 
C D N T I N U F 
C O N T I N U F 
C A L L E f p v l ' - I 
C O N T P I U E 
C O N T I N U F 
l E I L A S T 1 1 0 0 , 1 0 0 , B O 
C n N T I N U F 
CALL F A P V I ' . ) 

, R 2 * . o 5 ) 

, P M A X * 1 . 0 5 ) 
D E . P M A X ' I . O O ) 

1 

2314 

2315 

2316 

2317 

2318 

2319 

2320 

2321 

2322 

2323 

2324 

2325 

2326 

2327 

232B 

2329 

2330 

2331 

2332 

2333 

2334 

2335 

2336 

2337 

2338 

2339 

23*0 

2341 

2 342 

2343 

2 344 

2 345 

2 346 

2347 

23*8 

2349 

2,350 

2351 

2352 

2353 

2354 

2355 

2356 

2357 

2358 

2359 

2360 

2351 

2 362 

2363 

2354 

2355 

2355 

2357 

2358 

2359 

2370 

2371 

2372 

2373 

2374 

2375 

2375 

23-'7 

2378 
2370 

2380 



CALL FDATMI3) 
CALL FMABE4(i000,40001 
CALL FXYTRNIO.OI 
CALL FCHS7I3) 
CALL ETFXTITITLE,72,1,100,2000) 
CALL FCHS7I2) 
CALL E10VI4) 
CALL EEOE 

100 RETURN 
ENO 

2381 
2 382 
2383 
238* 
2385 
2386 
2387 
2388 
2389 
2 390 

SUBROUTINE OTAPE IR.Z.ROOT 
ISST.KTX.KTY.KMX) 
IMPLICIT 0FAL«3IA-H,0-Z) 
DIMENSION PIlnAX3,JM4X3),Z 

17P0TIIMAX3,JMAX3),RO!IMAX3 
23),E!IMAX3,JMAX3),PIIMAX3 
3SCIIMAX3,JMAX3),KTXIIMAX3, 
•>,KMXI IMAX3, JMAX3) 
DIMENSION SSRI IMAX3,JMAX3) 
COMMON IMAX,JMAX,IMAXl,JMA 
1IW,JW,ISTOP,too,JOO,IDM,JD 
2KOLl,KPL2.KBll.KBl2,Kfl31 
3,KB21,KB22.M11,M12,M21,M2 2 
4,MI!10),MJIIO),MTHIIO),MTV 
COMMON I I I I 10),I 12110),121 
IJ22!10),IIX,I2X.JIX.J2X,K0 
COMMON /A/ DELT,DELTO,TIME 
1,P01201,E0I 201,001201.CO!2 
2CCKI201,CPLGI20I,CPH0I20I 
3CXDI50I,CVI50 1,CV0I50I,CXl 
4,TMEI 1000 I,PLGFI 1000 I,YMX, 
5PH01,RHn2,RH03,ZERMl,ZERM2 
6,THHI 101 ,THVI101,XMEI 101 .X 
7,xnBT 
REAL** SSR.SSZ.SST.VP.RO.Z 
REAL»4 TME.PLGF,PRS,TITLE, 
INTEGFR*2 KTX,KTY,KMX 
IOUT=I0UT 

IFIIOUT-21100,200,300 
100 CONTINUF 

REWIND 8 
WPITEIBINCYCL,TW,JW,KB1,KP 
W0ITE!8|KPL1,KPL2,NDP,KB11 
WRITE I8|M|1,M12,M21,M22,M 
WRITFI6IKX0,KYP,KNX,KNP,MI 
WR ITF!P|MTX,MTP 
WRITE IPIKTX.KTY.KMX 
WRITE!"ITIMF,DELT,DIST,DEL 
W0ITF!B|PLUG,CRP1,CRP2.CPP 
WRITF|B|ZFRM1,ZEPM2,7ERM3 
WRITEI3IPO,E0,0O,CO,V0,AA, 
WRITEI8ICCP,CCK,CRH0,CF,CP 

wRiTFieicx,cxp.cy.cvD 
WR ITFIPIXSS.XSR 
WRITEIBIPP.VV 
WRITE 181XYP,XEU,THH.THV.XM 
WRITE|B)SSR,SSZ,SST,VP.SC 
WRITFIBIRO.ZO.ROOT,ZDOT,MZ 
W R I T E I B 1 R , Z , P . E . R H O 
END FILE 8 
00 TO 4 5 0 

,ZnOT,MZEPO,P,VP,E,RHO,RO,ZO,SC,SSP,SSZ. 

IMAX3,JMAX3I .RPOT( IMAX3,JMAX3) , 
,JMAX3I ,70( IMAX3.JMAX3I ,MZFRO( IMAX3,JMAX 
J M A X 3 I . R H O ( I M A X 3 . J M A X 3 I . V P ( I M 4 X 3 . J M 4 X 3 l , 
JMAX3) .KTY( IMAX3.JMAX3) 

SSZ(IMAX3,JMAX3) , S S T ( I MAX3,JMAX31 
X1, IMAX2,JMAX2, IMAX3,JMAX3,NCYCL, 
M,KBl ,K82 ,KB3,KPP,KPPl ,KPP2,KPPX,KPPC, 
B 3 2 . N P P , N C L . K X P ( 2 0 I . K Y P ( 2 0 ) . K X Y P ( 1 0 0 0 ) 
.M31,M32,KNX( 10) , lOIJT 
( 10 ) ,MTCI 1 0 ) , M T X I 1 0 0 0 ) , M T P ( 1 0 0 0 ) . K N P ( 1 0 ) 
( 1 0 ) . I 2 2 ( 1 0 ) . J 1 1 ( 1 0 I . J 1 2 I 1 0 I . J 2 1 ( 1 0 I . 
( 1201 
.D IST ,WMAX,T ITLE(201 , P P ( 2 0 , 5 0 I , V V I 2 0 . 5 0 I 
01 ,AAI201 , B B I 2 0 1 , C C I 20 I . v o l 2 0 1 , C C P I 2 0 1 , 
C E I 2 0 I , C P I 2 0 I , C W B ! 2 0 I , C W N I 2 0 I . C X I 5 0 I . 
,CX2 ,CX3,PMASS,EZEf lO ,EB,P lUG,PRSI5 ,1000 l 
YMS,YMN,CRPl.CRP2.CRP3.CREl ,CRE2,CRE3, 
, Z E R M 3 , X Y P | 1 0 I , X E U ! 1 0 I , T K E , T I E , T M , Y M X 0 
PHOI101,XPRI 101,XSSI 1 0 , 5 0 1 , X S R I 10 ,50 I 

;0,SC,ROOT,ZOOT,MZERO 
TIN • 

2 , K B 3 , I 0 a . J 0 0 , K P P , K P P l , K P P 2 , K P P X , K P P C 
, K B 1 2 . K B 2 l . K B 2 2 . K a 3 1 . K e 3 2 , I D M , J 0 M 
31,M32 
,MJ,MTH,MTV.MTC 

TO.WMAX,PMASS.YMX.YMS.YMN.VMXO.EZERO 
3,CREl ,CRE2.CRE3,RH01,RHn2.RH03,XOBT 

BB,CC 
,CWB,CWN,CPLG 

E,XRHO,XPR 

ERO 

2391 
2 392 
2393 
2 394 
2395 
2 396 
2 397 
2398 
2 399 
2400 
2401 
2402 
2403 
2404 
2405 
2406 
2407 
2408 
2409 
2410 
2411 
2412 
2413 
2414 
2415 
2416 
2417 
2418 
2419 
2420 
2421 
2422 
2423 
2424 
2425 
2426 
2427 
2428 
2429 
2430 
2*31 
2432 
2433 
2434 
2435 
2436 
2437 
2438 
2439 
2440 
2441 



92 

2 0 0 CONTl ' JUF 2 4 4 2 
R E W I N D 9 2 4 4 3 
BFAP ! o ) N r Y C L . I W . J W , K B l , K B 2 , K B 3 . I 0 0 , J Q 0 , K P P , K P P I , K P P 2 , K P P X , K P P C 2 4 * 4 

BEAD | 0 ) K P L l . K P L 2 , N P P , K B U , K B 1 2 , K B 2 l , K B 2 2 . K B 3 l , K B 3 2 . I D M . JOM 2 4 4 5 
BEAD I 9 | M U , M 1 2 , M 2 1 , M 2 2 , M 3 1 . M 3 2 2 4 4 5 

REJQ ! O ) K X 0 , K Y 0 , K N X , K N P , M I , M J , M T H , M T V . M T C 2 4 4 7 
BEAD ! 0 ) M T X , M T P 2 4 4 8 
READ | 0 | K T X , K T Y , K M X 2 4 4 9 

R E j n | o ) T I M F , n E L T , C I S T , n E L T O , W M A X , P M A S S , Y M X , Y M S . Y M N , Y M X P , F Z E P D 2 4 5 0 
RFAD ! o | P L U G , C R 0 1 , r R P 2 , C R P 3 , C B E l , C R E 2 , C P E 3 , P H 0 1 , R H 0 2 , R H 0 3 , X 0 P T 2 4 5 1 
R F A f l O j Z F R M l , 7 F R M 2 , 7 E R M 3 2 4 5 2 
RFAD I G ) D O , F 0 , O 0 , C C I , V O , A A , P B , C C 2 * 5 3 
REAP | o | C C P . C C K , C R H O , C E , C P , C W B , C W N , C P L G 2 4 5 4 
RFAD | 0 ) C X , C X D , C V , C V D 2 4 5 5 
BEAD I 9 I X S S , X S R 2 4 5 6 
R E i p ( C ) p p , v v 2 4 5 7 
READ ( o | X Y P , X F u , T H H , T H V , X M F , X P H O , X P R 2 4 5 8 
RFAD ( E I S S R . S S Z . S S T . V P , S C 2 4 5 9 
B E ; n ( 9 ( R O , Z O , R n _ n , Z n O T . M Z F R P 2 * 6 0 
REAP | 0 ) R , 7 , o , F , R H 0 2 4 6 1 
GO TO ' 5 0 2 4 6 2 

3 0 0 I o u T = l 2 4 6 3 
GO TO 2 0 0 2 4 6 4 

4 - 0 RFTURN 2 4 6 5 
EMD 2 4 6 6 
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